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SUMMARY
Shape memory alloys (SMAs) are innovative materials that have great potential in
structural engineering because they can provide significant energy dissipation capacity and
introduce considerable re-centering ability to structures. The stress-strain relations of SMAs
are dependent on loading rates, and the responses of SMAs under intermediate strain rates
are hard to obtain using conventional experimental techniques. This research developed
an innovative high-loading-rate tensile testing system to test specimens under intermediate
strain rates, bridging the gap between quasistatic strain rates from conventional servo-
hydraulic techniques and high strain rates from typical Kolsky bar techniques. This testing
system converted impacts from a high-speed actuator into high-loading-rate tensile forces
and elongated specimens under relatively constant deformation rates. This testing system is
capable of testing not only prismatic material specimens to evaluate stress-strain behavior
but also non-prismatic structural components composed of different materials to evaluate
force-deformation behavior. The testing system was verified and calibrated through a series
of validation tests on aluminum tensile specimens. Experimental results were compared
with theoretical estimations and finite element simulations to confirm this system obtained
reliable force-deformation measurements in a repeatable and controllable manner. This
research conducted two types of experimental tests on SMA specimens: a quasistatic cyclic
loading test on a seismic bracing system based on an SMA ring and a series of high-loading-
rate tensile tests on various SMA tensile specimens. The test results corroborated that this
new testing system is capable of assessing the behavior of material specimens and structural





Discoveries in material science have improved the field of structural engineering for thou-
sands of years. For example, the emergence of modern concrete and steel in the 19th cen-
tury changed structural engineering dramatically. Modern infrastructures based on these
materials became more reliable and efficient as researchers investigated the properties of en-
gineering materials more deeply [60, 94]. The pursuit of lighter, stronger, more durable, and
more environmentally friendly materials has been the focus of many researchers for many
decades. In this relentless pursuit, numerous materials with extraordinary properties have
been studied, modified, or even built from the bottom up using state-of-the-art nanotech-
nology [69, 143]. Although these innovative materials have great potential in engineering
applications, proper understanding of their behaviors remains a challenge to researchers
and engineers.
Among these innovative materials, shape memory alloys (SMAs) have been attracting
the attention of engineers for years [12, 62]. Because of their remarkable properties such
as shape memory effects, superelasticity, and biocompatibility, SMAs are utilized in several
engineering fields, including biomedical engineering [36, 82], mechanical engineering [99,
133], and aerospace engineering [52].
To apply SMAs in structural engineering, researchers focus on two properties: the capac-
ity to dissipate energy and the ability to spontaneously restore original shapes. Because of
these two properties, SMAs are studied for potential applications such as energy dissipation,
vibration control, and smart systems in the field of structural engineering [63, 120].
Nevertheless, actual SMA-based applications in structural engineering are very rare.
One reason is the high cost of SMA materials. Since applications in structural engineer-
ing generally require larger volume of materials than those in biomedical or mechanical
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engineering, structural engineering practices usually compromise between performance and
cost. Because of the high cost of raw materials and fabrications, SMAs are currently seen
as excessively expensive for general applications in structural engineering even though they
are capable of delivering extraordinary performance [63]. However, recent improvements in
material science and fabrication techniques have reduced the price of NiTi SMAs, one of
the major types of SMAs, by 90% in the past few years [3]. Moreover, a comprehensive
socioeconomic evaluation conducted by Bruno et al. [14] shows that large-scale applications
of SMAs in seismic engineering are actually cost-effective if considering the overall life-cycle
cost of infrastructure systems. Although initial direct costs of SMA-based systems are
higher than conventional seismic resisting systems, the potential socioeconomic losses are
reduced significantly because of the high performance of SMAs. As a result, the total costs
of SMA-based seismic systems remain in the same order as conventional seismic systems.
Another reason restraining the implementation of SMAs in structural engineering is that
the responses of SMAs under seismic or blast events are not yet fully understood. For ex-
ample, the thermal-coupled mechanical properties of SMAs result in complex temperature-
dependent and strain-rate-dependent behaviors. These unique properties of SMAs are dis-
cussed in Section 2.1. Proper understanding of these properties is the prerequisite of actual
large-scale applications of SMAs in structural engineering.
This research focuses on strain rate dependency of SMA materials in the scenarios of
seismic and blast events. Although stress waves caused by seismic or blast events trans-
mit through structures in velocities of approximately 2,000 to 5,000 m/s, the structural
components deform in much lower rates because of the large volume and weight of typ-
ical structures. These rates are estimated at the order of 100 s−1 for blast loading on
relatively large structures [51]. For the responses of structural components, previous stud-
ies suggested the average strain rates under seismic events are between 0.1 to 10 s−1 and
the average strain rates under blast events are between 1 to 100 s−1 [118]. Orton et al.
conducted actual blast tests on reinforced concrete slabs strengthened with carbon fiber
reinforced polymer (CFRP) and found that the strain rates of CFRP material were 0.75 to
3 s−1 during blast loading [101]. Cadoni et al. reported that the strain rates in concrete of
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a bridge under blast loading were up to 10 s−1 [16].
Based on these previous studies, this research aims to investigate the behavior of struc-
tural components under the strain rates of 1 to 100 s−1. This range of strain rates is
usually defined as intermediate strain rates and is relatively difficult to study [108]. The
deformations of critical structural components in seismic or blast events correspond to av-
erage strain rates in this intermediate range. Therefore, the behaviors of materials and
components under intermediate strain rates clearly need to be evaluated.
Previous researchers have developed several experimental techniques to test specimens
under intermediate strain rates. One common experimental technique is the Kolsky bar
tests, also known as Split-Hopkinson pressure bar (SHPB) tests [19]. SMA specimens
were tested under different strain rates in several previous Kolsky bar tests [20, 96, 97,
119]. Nevertheless, one limitation of the Kolsky bar technique is that it is based on one-
dimensional stress wave theory. The force and deformation of the specimens are not directly
measured but indirectly derived with the assumption that stress and strain are uniformly
distributed throughout the specimens. To ensure this assumption is valid, Kolsky bar tests
are limited to prismatic and homogeneous specimens such as cylinders or rods cut from bulk
volume of materials. The sizes of the specimens in these Kolsky bar tests are also limited.
The diameters of the SMA cylinder specimens tested in most of the previous Kolsky bar
tensile tests were no more than 10 mm, significantly smaller than the typical sizes of proof-
of-concept structural component. Besides the size limitation, the strain rates achieved in
most of these tests are usually higher than 100 s−1, which belong to the range of high strain
rates and are too high for the purpose of assessing behaviors of materials and components
in seismic and blast events. Therefore, the existing Kolsky bar technique does not have the
ability to test larger scale specimens under intermediate strain rates.
Another experimental technique tests specimens with servo-hydraulic testing machines.
The sizes of specimens in this type of tests are usually larger than those in Kolsky bar tests.
For example, DesRoches et al. tested SMA rod specimens with diameters up to 25.4 mm
(1 inch) [31]. However, because of the limitation of the loading rates in servo-hydraulic
techniques, the strain rates achieved in this study were less than 0.15 s−1. Specimens in
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this type of tests are still deforming under quasistatic strain rates. Existing servo-hydraulic
experimental technique does not have the ability to load specimens fast enough to reach
the range of intermediate strain rates.
Compared with the target range of intermediate strain rates from 1 to 100 s−1, the
strain rates achieved in Kolsky bar tests are too high while the strain rates achieved in
servo-hydraulic tests are too low. Therefore, to evaluate the responses of SMA specimens
under intermediate strain rates, a new experimental technique that is capable of testing
large scale components under intermediate strain rates is required.
1.2 Research objectives and rationales
To overcome the limitations of current experimental techniques, this research focuses on
developing a new high-loading-rate tensile testing system that is capable of testing large
scale components under intermediate strain rates in a repeatable and controllable manner.
This new testing system directly measures force and deformation of specimens with different
shapes, sizes, and materials. Besides SMA specimens, this test system has the ability to
test other structural materials and components after minor modification.
This research aims to bridge the gap between tests on prismatic material specimens and
tests on full scale structure systems. Tests on small scale prismatic specimens such as Kolsky
bar tests are limited to obtain only stress and strain results on the material level. On the
other hand, tests on full scale structure systems such as shaking table tests and actual blast
tests can obtain more information on the system level but are usually expensive and time-
consuming. In contrast to these existing experimental methods, the new method in this
research provides the ability to test various large scale structural components and directly
measure force and deformation results of non-prismatic components. The new experimental
method is capable of evaluating behaviors related to sizes and shapes of structural compo-
nents rather than only assessing stress-strain responses of prismatic specimens as in current
material tests. Compared with current system tests, this new method is more time-effective
and cost-effective because it focuses on testing critical structural components rather than
the entire structure.
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This research also aims to bridge the gap between quasistatic strain rates achieved by
conventional servo-hydraulic techniques and high strain rates achieved by typical Kolsky
bar techniques. The quasistatic strain rates generated in conventional servo-hydraulic tests
are usually below 1 s−1 while the high strain rates generated in most of Kolsky bar tests
are above 100 s−1. Intermediate strain rates between 1 s−1 and 100 s−1 are very difficult
to achieve [19]. However, evaluation of the responses of materials and components under
this range of intermediate strain rates is critical to applications in seismic mitigation and
blast protection. With appropriate experimental design, the new tensile testing system in
this research can successfully test specimens of SMAs and other materials in this range of
intermediate strain rates.
1.3 Research contributions and significances
The major contribution of this research is the new high-loading-rate tensile testing system
that can test both material specimens and structural components under constant interme-
diate strain rates (1 to 100 s −1). This new testing system can deform large scale specimens
under intermediate strain rates in a controllable manner, which has not been achieved by
any other existing techniques. As a result, this new testing system contributes in filling
the gap between quasistatic strain rates lower than 1 s−1 obtained from conventional servo-
hydraulic techniques and high strain rates higher than 100 s−1 obtained from typical Kolsky
bar techniques. This tensile testing system is capable of testing both prismatic specimens
and non-prismatic components in a repeatable manner. The force and deformation of spec-
imens and components are directly measured in this testing system. Therefore, this testing
system provides experimental techniques for both characterizing material properties and
assessing structural components.
This new tensile testing system has great potential to perform various types of ex-
perimental tests because it can accommodate specimens with different sizes, shapes, and
materials. Adaptivity is one of the major design objectives of this testing system. As a
result, researchers can adopt this new experimental method in various tests with different
research objectives. For example, with minor modification, this system can test pull-out
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strength of reinforcing steel in concrete, tensile strength of welded and bolted connections
in steel structures, and bonding strength between fiber-reinforced polymer components.
1.4 Outline of this dissertation
1.4.1 Chapter 2: Literature review
This chapter includes the introduction and background of the research and focuses on the
material properties of SMAs and the relation between material properties and potential
applications. The martensitic phase transformation and the corresponding reverse transfor-
mation are introduced in detail. Several temperature-induced, stress-induced, and thermal-
mechanical coupled behaviors of SMAs are explained by phase transformations.
This chapter also includes the overview of numerical modeling of SMA materials in
finite element simulations. The Auricchio-Taylor model, the built-in superelastic model in
Abaqus, is adopted in this research and is discussed in detail. In addition, this chapter
covers the introduction of existing high-loading-rate experimental techniques such as the
Kolsky bar tests. Experiments conducted on SMAs using these techniques in previous
studies are reviewed.
1.4.2 Chapter 3: Quasistatic cyclic loading tests of an SMA-based seismic
bracing system
This chapter investigates the performance of a seismic bracing system based on a shape
memory alloy ring, which is capable of both re-centering and dissipating energy. Part of
this chapter is adopted from published articles [46, 47, 48] and is reused with permission
from the publishers. This lateral force resisting system is a cross-braced frame consisting of
a shape memory alloy ring and four tension-only cable assemblies and is applicable to both
new constructions and seismic retrofits. The mechanical responses of this SMA-based system
are evaluated under quasistatic strain rates induced by cyclic loading. Performances such as
strength, stiffness, energy dissipation, damping ratio, and re-centering ability of this SMA-
based seismic bracing system are examined based on experimental results. This chapter
describes the experimental design in detail, presents and discusses the experimental results,
and compares the performance of this system with other SMA-based bracing systems from
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previous studies [122].
This chapter also presents a numerical model of SMA materials which is based on Abaqus
built-in Auricchio-Taylor model. The subroutine defining the material properties is updated
based on the experimental observations, and the simulated results are compared with the
experimental results to validate the finite element model for quasistatic loading rates. After
that, a parametric study on the performances of SMA rings with different sizes is conducted
numerically using the updated material model. This numerical analysis can be utilized in
proof-of-concept studies on potential SMA-based applications.
1.4.3 Chapter 4: Development of a high loading rate tensile testing system for
structural components
This chapter focuses on the design, fabrication, and validation of an innovative high-loading-
rate tensile testing system. This new tensile testing system utilizes an existing high-speed
actuator of the Blast, Shock, and Impact Laboratory at Georgia Tech to generate high
speed impact force [126]. An inverter mechanism inverts the direction of the impact force
through a specially designed motion, resulting in high speed tensile force onto the specimen.
With proper instrumentation and data acquisition, this testing system is able to capture
the responses of specimens under intermediate strain rates.
This chapter includes the validation tests of this testing system after it was built. Exper-
imental results from different instruments are verified by each other and are compared with
theoretical estimation to ensure this system is obtaining reasonable experimental data in a
repeatable and controllable manner as expected. Since this testing system is designed not
only for SMA specimens but also for general structural components within a certain limit of
size and strength, the validation and calibration are significantly important for the accuracy
and reliability of future tests. Therefore, this chapter documents all these validation tests
as well as all the design and fabrication information in order to serve as a reference for any
future high-loading-rate tensile test involving this testing system.
This chapter also includes a finite element (FE) simulation for the tensile testing system.
The FE simulation is calibrated by comparing FE simulated results with corresponding
experimental results. This calibrated FE simulation can be utilized to estimate the results
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of tests with various initial conditions and, thus, replace some experimental tests. Therefore,
it can help reducing the required number of iterations in the entire testing process.
1.4.4 Chapter 5: High-loading-rate tensile tests of SMA specimens
Using the high-loading-rate tensile testing system developed in Chapter 4, this chapter
conducts a series of tensile tests on three types of SMA specimens including round tensile
specimens, threaded-end bar, and ring. The experimental design, setup, and results are pre-
sented in this chapter, and these results are compared with the results from the quasistatic
test in Chapter 3. Analysis of experimental results shows that this new testing system
is capable of testing various SMA specimens in intermediate strain rates. The differences
between SMA rods, threaded-end bars, and rings are also discussed in this chapter.
1.4.5 Chapter 6: Conclusions and recommended future research
Chapter 6 summaries the primary conclusions of the research. Conclusions from both
the development of the high-loading-rate tensile testing system and the investigation of
properties and potential applications of SMAs are presented. This chapter also discusses
potential improvements and implementations of the new high-loading-rate tensile testing
system and provided recommended directions on future research regarding the material




2.1 Material properties of Shape memory alloys (SMAs)
2.1.1 Brief introduction
The shape memory effect of NiTi alloys was first discovered by Buehler et al. at the Naval
Ordnance Laboratory in 1963 [15]. NiTi alloys was named as Nitinol in honor of the name
of the laboratory. Since then, researchers have discovered numerous shape memory alloys
(SMAs), including copper-based SMAs [56, 125], iron-based SMAs [132], and other types
of SMAs such as CoNiGa, NiMnGa, and NiCoMnIn [21, 65, 138].
SMAs are named after the shape memory effect (SME), which indicates that these
materials can recover their original shapes through thermal-mechanical coupled behaviors.
For example, under a certain temperature, a specimen made of SMAs deforms under external
loading. After unloading, the specimen remains in the deformed shape. However, if the
temperature is increased, the specimen spontaneously returns to its original shape almost
as if it “remembers” its original shape.
Because of this unique thermal-mechanical coupled behavior, SMAs can be used as active
materials that function as both sensors and actuators simultaneously [112]. For example, a
valve in a rice cooker is required to be opened to release the excess steam when the cooking
chamber reaches a certain temperature. Traditionally, a sensor monitors the temperature,
and a processor collects the data from the sensor. When the temperature reaches the preset
level, an actuator, such as an electric motor, receives a signal from the processor and then
opens the valve. However, with proper design, an SMA component is able to replace the
sensor, the processor, and the actuator altogether [6]. When the temperature reaches a
preset level, the SMA component deforms spontaneously because of its thermal-mechanical
coupled behavior. Through a mechanism connected to the valve, this deformation of the
SMA component opens the valve automatically. When the temperature drops below that
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preset level, the SMA component recovers its shape and closes the valve automatically. For
this reason, SMAs are usually considered as smart materials that have great potential in
applications of active control.
The temperature-induced deformation is just one example of the unique properties of
SMAs. Another extraordinary property is called superelasticity or pseudoelasticity. If the
temperature of an SMA specimen is above a certain level and if an external mechanical
loading is applied, the specimen deforms into a new shape. After this external loading is
removed, the specimen recovers its original shape spontaneously. Even if the deformation
under loading is up to 6% to 8% strain, SMA specimens are still capable of returning to
the original shape with little or no residual deformation [57]. The term superelasticity is
misleading to some extent since the stress-strain relation during loading and unloading cycles
is not a typical elastic curve but rather a flag-shaped closed loop, which can provide both
energy dissipation and re-centering ability. Because of this flag-shaped hysteresis behavior,
superelasticity is the focus of many researchers in structural engineering, especially in the
field of seismic mitigation [30, 103, 137].
2.1.2 Phase transformations
These unique thermal-mechanical coupled behaviors of SMAs are caused by the reversible
martensitic phase transformation that occurs in the crystalline structures of the materials
[11, 140]. Typically, most of SMAs have two phases: martensite (M) and austenite (A).
When the temperature is high and the stress is low, SMAs tend to change into austenite.
In contrast, when the temperature is low and the stress is high, SMAs tend to change
into martensite. Figure 1 shows the schematic phase diagram of SMAs with respect to
temperature and stress. Each point on this diagram represents a certain state of the material
under the corresponding temperature and stress.
The austenite phase usually has a cubic crystal system with high symmetry, while the
martensite phase usually has a monoclinic system with low symmetry. The monoclinic
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Figure 1: Stress-temperature phase diagram of SMAs.
of the crystal structures. One form is called twinned martensite (M t) which has a self-
accommodated variant. The other form is called detwinned martensite (Md) which has a
specific variant. These crystal structures of different phases are also illustrated schematically
in Figure 1. The transformations between these phases are related to shear lattice distortions
which are induced by stress, temperature, or both.
Under constant stress, when temperature decreases, the phase transformation from
austenite (A) to martensite (M) starts at the temperature TMs and finishes at the tem-
perature TMf . In contrast, when temperature increases, the reversed phase transformation
from martensite (M) to austenite (A) starts at the temperature TAs and finishes at the tem-
perature TAf . These transformation temperatures are not constant values but functions of
stress. As shown in Figure 1, the relations between transformation temperatures and stress
are simplified as linear functions [33, 77]. Transformation temperature generally increases
as stress increases.
Under a constant temperature below TMf , if stress increases from σs to σf , SMA material
transforms from twinned martensite (M t) phase into detwinned martensite (Md) phase.
These thermal-mechanical coupled behaviors can be represented as curves on the phase
diagram connecting the original states and the new states. These unique behaviors of SMAs
are discussed in detail in the following sections.
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2.1.3 Shape memory effect (SME)
Because of these thermal-mechanical coupled properties, instead of 2D stress-strain dia-
grams for conventional engineering materials, the behaviors of SMAs are usually described
by 3D stress-strain-temperature diagrams. The shape memory effect (SME) is associated
with the temperature-induced transformations. Generally, the stress remains constant while
the strain changes as the temperature changes.
Figure 2 illustrates the paths of temperature-induced phase transformations under stress-









Af corresponding to the phase transformations under no
mechanical loading are important characteristics of SMA materials. These transformation

















Figure 2: Temperature-induced phase transformations without mechanical loading.
The micro phase transformation and corresponding macro shape changes imply that
the strain of SMA materials changes as the temperature changes. The full shape recovery
occurs after the external mechanical loading is removed. The entire loading-unloading and
heating-cooling cycle forms a closed loop in the stress-temperature phase diagram as shown
in Figure 3.
The closed loop starts at the twinned martensite phase under TMf with no external




















Figure 3: Thermal-mechanical coupled phase transformations in shape memory effect.
applied to this phase, the material transforms to detwinned martensite phase, which is
denoted as (2)Md. This detwinned martensite is stressed and is in its deformed shape.
After that, if the external loads are removed while the temperature is still under TMf ,
SMAs remain in detwinned martensite phase, denoted as (3)Md, which is still in deformed
shape but is unstressed. From this phase, if temperature increases, the temperature-induced
deformation occurs, and the material transfers from (3)Md into (4)A, which represents
austenite phase in the original undeformed shape. When the temperatures reaches the
austenite start temperature TAs, the material starts to transform from (3)M
d into (4)A.
When the temperature reaches the austenite finish temperature TAf , the material completes
the phase transformation and recovers its original shape. Then the specimen can return
to its original unstressed and undeformed (1)M t phase by just cooling to a temperature
below TMf . This transformation from (4)A to (1)M
t causes no shape change. Therefore,
the specimen is still in its original shape after this transformation. The entire cycle of SME
is composed of these four phase transformations which are represented by four arrows in
Figure 3.
The temperature-induced phase transformations also occur under applied mechanical
loading, resulting in not only shape recovery but also energy transfer from thermal energy
into mechanical energy. As shown in Figure 4, an SMA specimen is loaded under a certain
temperature below TMf . Before loading, the specimen is in twinned martensite phase (M
t)
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under the original undeformed shape. After the specimen is loaded above the stress of σf ,
the material transforms into detwinned martensite phase (Md) under the new deformed























Figure 4: Temperature-induced phase transformations under a constant stress.
After loading the SMA specimen above the stress of σf , the temperature-induced phase
transformation occurs under that constant stress level if the external mechanical force is
maintained and the temperature is increased. As a result of this phase transformation, the
shape of the specimen also changes as the temperature changes. This phase transformation
is represented by the horizontal arrow pointing from left to right in Figure 4. When the
temperature of the specimen reaches the transformation temperature T
[σ]
As , which indicates
the start of the martensite-to-austenite transformation under a certain stress,[σ], the SMA
material begins to change back to its original shape. When the temperature reaches T
[σ]
Af ,
this phase transformation is completed, and the specimen fully recovers its original un-
deformed shape. After that, if the temperature decreases, the SMA specimen transforms





Mf indicate the start and finish temperature of this reverse
transformation, respectively.
Figure 5 schematically shows the strain-temperature relation of this shape memory effect
assuming the stress is constant. This 2D strain-temperature diagram can be considered as
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Figure 5: Strain-temperature diagram of shape memory effect under a constant stress.
The shape memory effect implies that, even under external mechanical loading, an SMA
specimen still changes its shape as temperatures changes. As a result, the SMA specimen is
actually doing work as an actuator transferring thermal energy into mechanical energy. For
most types of SMAs, the available work output per unit mass is approximately 103 J/kg,
which is one of the highest among all the current smart materials [72]. The available work
per unit volume of SMAs is generally around 10 J/cm3. In contrast, the available work per
unit volume of typical piezoelectric materials is only around 0.035 J/cm3. Human muscles,
which can also be considered as smart active materials, have similar capacities to piezo-
electric materials. As a result of the reversible temperature-induced phase transformation
and the high energy capacity related to this transformation, SMAs have great potential as
smart actuators [62]. This unique property of SMAs is the basis of many applications in
mechanical engineering and aerospace engineering. Additional examples are discussed in
Section 2.2.2.
2.1.4 Superelasticity
The superelasticity of SMAs is associated with the stress-induced phase transformations
under a constant temperature. These transformations are represented by vertical arrows in
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the stress-temperature diagram. As shown in Figure 6, if this constant temperature, [T ],
remains above TAf , an SMA specimen under no external loading is in austenite phase. When
external mechanical loading is applied and the stress reaches σ
[T ]
Ms, the SMA material starts
to transform from austenite into detwinned martensite. This transformation completes
when the stress reaches σ
[T ]
Mf . After that, the material is in the detwinned martensite phase,
and the specimen is in the deformed shape. If the external load is gradually removed and the
temperature remains the same, when the stress drops below σ
[T ]
As , the reverse transformation
starts spontaneously and immediately. This reverse transformation completes when the
stress drops below σ
[T ]
Af . After that, the material is in the austenite phase again, and the




















Figure 6: Stress-induced phase transformations under a constant temperature.
The stress-strain relation of the superelastic loading-unloading cycle is illustrated in
Figure 7. The loading-unloading curve forms a closed loop crossing the origin point, indi-
cating a re-centering behavior with little or no residual strain. The shaded area enclosed by
the loading-unloading curve as shown in Figure 7 represents the dissipated energy during
this loading-unloading cycle. This flag-shaped stress-strain curve shows the abilities of both
re-centering and energy dissipation, which are the major reasons that superelastic SMAs
have great potential in structural engineering.
If the external loading increases to an excessive level, the SMA material starts to exhibit






















Figure 7: Stress-strain diagram of superelasticity under a constant temperature.
[54]. If a specimen is loaded beyond this yield strain, irreversible plastic deformation occurs,
and the specimen is no longer able to fully recover its original shape when unloaded. As a
result, permanent residual deformation occurs in the specimen.
In structural engineering, most of the construction materials are passive materials, which
are not considered to have thermal-coupled behaviors, and most of the designs are passive
systems, which respond to external forces passively without active actuation. Therefore,
superelasticity has been the focus of studies on SMAs in the field of structural engineering.
In contrast, applications of thermal-coupled shape memory effect in structural engineering
are rare. Examples of superelastic SMAs in structural applications are discussed in Section
2.2.1.
2.1.5 Strain rate and temperature dependency
Because of the thermal-mechanical coupled behaviors as discussed above, the mechanical
responses of SMAs are dependent on temperature [18]. The experimental results of a series
of tests conducted at deferent temperatures prove that the superelastic behavior and the
ability of full recovery are significantly influenced by temperature [33]. If the temperature is
above TAf during the loading and unloading process, SMA specimens can fully recover their
original shapes after unloading as long as they are not loaded beyond the martensite yield
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point. However, if the temperature is below TMs, partial recoveries occurs, and residual
deformations are observed after unloading. The transformation stress and damping ratio
are also affected by temperatures [33].
Besides temperature, the behaviors of SMAs are also affected by strain rate. Several
previous studies investigated the rate dependency of SMAs both analytically [38, 73, 75] and
experimentally [1, 20, 79, 96, 97]. The strain rates of SMA specimens in these experimental
studies ranged from 10−3 s−1 to 104 s−1. Responses under strain rates below 1 s−1 were
obtained by conventional quasistatic loading tests while responses under high strain rates
from around 100 s−1 to around 5,000 s−1 were obtained by Kolsky bar tests. Extremely
high strain rates such as those above 104 s−1 were achieved by special miniature Kolsky bar
systems [96]. The details of these Kolsky bar tests are discussed in Section 2.4.1.
Previous experimental results conclude that, similar to dynamic transit behaviors, the
cyclic behaviors are also highly dependent on strain rate. DesRoches et al. tested SMA
wires and bars cyclically at different loading frequencies from 0.025 to 1.0 Hz. The test
results show that the plateau stresses of both loading and unloading, the dissipated energy,
and the equivalent damping ratio are all affected by loading rates [31].
According to the analytical models proposed by Mirzaeifar et al. [89], the responses of
SMA materials are actually determined by the combination of specimen sizes, boundary
conditions, and loading rates. Thermodynamic behaviors such as latent heat and heat flux
in the cross section are affected by size and boundary conditions of specimens. In other
words, the strain rate dependency of SMA materials is not independent of size or bound-
ary conditions. Therefore, tests on not only prismatic specimens but also non-prismatic
specimens and components with different sizes and boundary conditions are required to
investigate the strain rate dependency of SMA materials.
2.1.6 Tension-compression asymmetry
Another notable property of SMAs is the asymmetry between tensile and compressive be-
haviors [80]. The main reason for this asymmetry is the differences between the crystal
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mechanisms for deformations under tension and compression. The deformation under ten-
sion is dominated by reorientation of martensite variants while the deformation under com-
pression is affected by dislocations. As a result of these differences at the micro level, the
stress-strain behaviors at the macro level are different. The stress-strain curves under ten-
sile force usually have flat plateaus corresponding to the process of phase transformation.
In contrast, the stress-strain curves under compressive force exhibit early strain hardening
without obvious stress plateaus.
Several previous studies investigated numerical models on the tension-compression asym-
metry of SMAs [75, 105]. Experimental tests on tension-compression asymmetry under high
strain rates were also conducted by Adharapurapu et al. [1]. The results of these studies
suggest that the compressive stress is generally higher than tensile stress subject to the
same magnitude of strain. This tensile-compressive asymmetry is significantly influenced
by temperature as shown in previous research [105]. At lower temperature, the increase
from static strength to dynamic strength is more rapid in compression than in tension. At
higher temperature, the increases of strength in both tension and compression are almost
negligible. As a result, the responses of SMA specimens under bending, which involve both
tension and compression in the same section, are required to be analyzed by more complex
models [90].
2.2 Engineering applications of SMAs
Because of the distinctive behaviors such as shape memory effect and superelasticity as dis-
cussed in Section 2.1, SMAs have unsurprisingly become the key components of numerous
engineering applications. Currently, most of the commercial applications of SMAs occur in
the field of biomedical engineering [91]. The utilization of SMA-based smart actuators is
increasing in the field of automobile, mechanical, and aerospace engineering. In contrast,
actual applications in civil engineering are not common as mentioned in Section 1.1. Most
of the studies of SMAs in civil engineering are experimental proof-of-concept research rather
than actual applications. Nevertheless, with decreasing costs of SMA materials and increas-
ing demands of high-performance infrastructures [3, 14], SMAs have bright prospects in the
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future of civil engineering.
2.2.1 Applications in structural engineering
Since superelastic behavior of SMAs provides both energy dissipation and re-centering abil-
ity with sufficient ductility and strength, SMAs are among the most suitable materials for
seismic applications as suggested by previous overviews [30, 63, 103].
Because of the high performance per unit volume as compared with conventional materi-
als such as steel, SMAs are more preferred in seismic retrofit projects of historical buildings.
Examples among the few actual seismic engineering applications include the retrofits of the
S. Giorgio Church bell tower [61], the Basilica of St Francesco of Assisi [24], and the Sherith
Israel Synagogue [106].
SMA-based devices can be utilized as the key uniaxial components of seismic resisting
systems [13, 34, 35, 123]. For example, the full-scale prototype tested by Dolce et al. [35]
was a brace member based on pre-tensioned superelastic SMA wires. The uniaxial device
tested by Speicher et al. [123] utilized SMA helical springs and Belleville washers.
SMAs are also able to work together with other materials in a hybrid seismic resisting
system. Ideally, the re-centering ability of this hybrid systems is provided by SMAs while
additional energy dissipation and restoring force are supplemented by other materials such
as steel. An articulated quadrilateral hybrid bracing system composed of SMA wires and
steel plates was designed and tested by Speicher et al. [122]. Another example was the
hybrid bracing system proposed by Yang et al. [139]. In this bracing system with high
strength steel tubes as key components, SMA wires and steel struts were enclosed inside
these tubes and were designed to deform together to provide re-centering ability and energy
dissipation.
Other seismic applications include SMA-based beam column connections for both steel
structures [32, 124] and reinforced concrete structures [2, 141], base isolation [49, 55, 136],
dampers, restrainers, expansion joints in bridge structures [4, 64, 85, 113], and external
retrofit for concrete members [5, 22, 29, 117].
Besides applications in seismic resisting and retrofit systems, SMAs are also investigated
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in other fields of structural engineering such as reinforced concrete and prestressed concrete
structures. SMA wires directly utilized as reinforcements embedded inside concrete were
tested in previous studies [25]. Active control on deflections of concrete members was
achieved by heating up embedded SMA wires using electrical power [28]. Through thermal-
mechanical coupled responses, SMA wires and rods were capable of working as external
prestressing tendons both in new constructions and retrofit applications [84].
SMAs can also be utilized to combine with other engineering materials and form new
composite materials. The behavior of SMAs as part of composite materials was evaluated
by various previous studies. One example was high performance concrete reinforced with
SMA short fibers [92]. Another example was utilizing SMA wires as fibers to construct
Fiber-reinforced polymer (FRP) materials. The SMA-embedded FRP material was able
to be actively controlled because of temperature-induced deformations of SMA fibers [107].
The superelasticity of SMAs also enhanced the mechanical performance of the FRP material
[135].
2.2.2 Applications in other engineering fields
Because of extraordinary biocompatibility [37] and unique mechanical properties discussed
above, SMAs are currently widely used in biomedical engineering. Examples include guidewires
in angiography, stents for treatment of peripheral vascular disease, stent grafts, inferior vena
cava filters, and clinical instruments [91].
Applications in mechanical engineering are mostly smart actuators based on the thermal-
mechanical coupled phase transformations. Examples include the air valve in rice cooker
mentioned previously [6], small actuators of robots [62], and extensive applications in the
automobile industry, such as wipers, fuel injectors, air vents, and absorbers [128].
As a result of the unique mechanical properties, relatively light weight, and good cor-
rosion resistance, SMAs also have critical applications in aerospace engineering. The first
successful application of SMAs was the coupling of hydraulic lines in the F-14 jets in the
1970s [52]. Since then, SMA-based connectors, dampers, sealers, release mechanisms, as
well as many other applications emerged in the field of aerospace engineering [62].
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Other miscellaneous applications of SMAs include eyeglass frames [133], clothing [134],
sports equipment, and mobile-phone antennae [62].
2.3 Phenomenological superelasticity models
Several researchers proposed phenomenological constitutive laws of SMAs to construct an-
alytical material models. An overview of these studies and resultant models can be found











Figure 8: Idealized stress-strain curve of superelastic SMAs.
This research adopted the Auricchio-Taylor model developed by Auricchio et al. [8, 9] to
simulate the superelastic and thermal-mechanical coupled behaviors. This material model
is derived from the concept of generalized plasticity [81]. The mathematical method is
similar to plasticity theory but the physical meanings of variables are different. Figure 8
shows an idealized 1-D stress-strain curve of this material model. The points Ms, Mf , As,
and Af denote the start and finish of the martensitic phase transformation and the reversed
transformation from martensite back to austenite, respectively.


















where εL is a material property constant and is defined as the transformation strain which
corresponds to the maximum possible strain associated with the phase transformation.
As shown in Figure 9, the phase transformation of SMAs is taken into account by an
internal variable ξs, which represents the volume fraction of martensite phase. If the material
is in austenite phase, ξs equals zero; if the material is in martensite phase, ξs equals one; if
the material undergoes the phase transformation from austenite to martensite, ξs changes















Figure 9: Idealized stress-temperature diagram of superelastic SMAs under increased load-
ing.
The total strain is defined as the summary of strain associated with both elastic behavior
and phase transformation.
ε = εe + ξsεL (5)
where εe is the elastic strain.
Before the start of phase transformation from austenite to martensite, ξs equals zero.
Therefore, the material behavior remains pure elastic since the total strain, ε, equals the
elastic strain, εe. During the phase transformation, which is denoted as the shaded region
in Figure 9, ξs increases from zero to one. As a result, the total strain, ε, is the combination
of elastic strain, εe, and phase transformation strain, ξsεL. After the completion of phase
transformation, ξs equals one. Therefore, the total strain, ε, equals the elastic strain, ε
e,
and the full phase transformation strain, εL. Since the phase transformation strain reaches
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εL and does not increase any more, all the increases in total strain, ε, are associated with
elastic strain, εe. Therefore, the material returns to pure elastic behavior again.
To simulate the thermal-mechanical coupled behaviors, the relations between transfor-
mation stresses and temperatures are simplified as linear functions with a material property
constant, CAS , which corresponds to the slope of the inclined lines dividing the phase dia-
gram as shown in Figure 9. As a result, the statues of the material on this stress-temperature
diagram are described by forcing functions defined as follows:
FAs = σ − CAST (6)
FAss = F
As − CAST [0]Ms = σ − CAS
(




As − CAST [0]Mf = σ − CAS
(
T − T [0]Mf
)
(8)
For a certain combination of stress, σ, and temperature, T , the criteria of the forcing
functions are these following conditions:
ḞAs > 0 (9)
FAss > 0 (10)
FAsf < 0 (11)
If the stress, σ, and the temperature, T , do not satisfy all three conditions listed above,
this indicates that the material is not undergoing phase transformation. Therefore, the
internal variable, ξs, is either zero or one and is not changing. As a result, the rate of ξs
remains zero.
ξ̇ASs = 0 (12)
where ξ̇ASs is the rate of ξs during the phase transformation from austenite to martensite.
If the stress, σ, and the temperature, T , satisfy all three conditions listed above, this
indicates that the material is under increasing load and is undergoing the phase transforma-
tion represented by the shaded region in Figure 9. For this case, an evolutionary equation








where KAS1 is the flow rule of the evolutionary equation and is a function of ξs.
This flow rule, KAS1 , can be chosen either as a linear model or an exponential model.





while the exponential model is defined as
KAS1 = β
AS 1 − ξs(
FASf
)2 (15)
where βAS is a material property constant.
The unloading process from martensite phase to austenite phase can be analyzed simi-
larly. The evolutionary equation between ξ̇SAs and Ḟ








where ξ̇SAs is the rate of ξs during the phase transformation from martensite phase to
austenite phase.









for the exponential model.






This 1D material model can be expanded to a 3D version. The 3D model has two
internal variables: the martensite fraction scalar, ξs, and the scaled transformation strain
tensor, u. The total strain tensor is considered as the summary of elastic part and the
transformation part. The forcing functions, the evolutionary equations, and the flow rules
are constructed similarly to the 1D version.
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Since this material constitutive model is built upon a mathematical method that is
similar to plasticity theory, the plastic behavior after yielding can be added by defining
isotropic plastic behavior after martensite yielding. As a result, the material model can
have a superelastic-plastic behavior. Figure 10 shows the stress-strain results of SMAs from
a numerical simulation of an uniaxial tensile test using the superelastic-plastic material



























































































Figure 10: Simulated stress-strain curves for cyclic uniaxial tensile tests of SMAs.
When the specimen is loaded to a stress below σMs and then unloaded, the material is
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still in austenite phase without any phase transformation, indicating a linear elastic behavior
as shown in Figure 10(a). If the specimen is loaded to a stress between σMs and σMf and
then unloaded, the response of the material is a flag-shaped closed loop as shown in Figure
10(b), exhibiting superelasticity with full recovery to the original shape. The specimen
is then loaded to a stress between σMf and the martensite yield point. The response of
this loading and unloading cycle is shown in Figure 10(c). The specimen is still able to
return to the original shape without any residual strain. However, if the specimen is loaded
beyond the martensite yield point as the case in Figure 10(d), plastic deformation occurs
and the specimen does not fully recover to zero strain. Figure 10(e) shows the response of
the specimen if it is loaded again and Figure 10(f) shows the final unloading process. This
loading and unloading cycle is similar to typical plastic behavior except that the loading
curve is in three segments corresponding to before, during, and after the martensite phase
deformation, respectively.
2.4 High loading rate experimental techniques
To evaluate the mechanical responses under high speed loading, researchers developed vari-
ous experimental techniques covering different ranges of strain rates. A detailed overview of
these experimental techniques can be found in references [44, 114]. Based on the magnitude
from low to high, strain rates are divided into several ranges which occur under different
scenarios from creep to ultra-high speed impact. The behaviors under different strain rates
can be obtained by different experimental techniques. Table 1 lists these ranges of strain
rates and their corresponding experimental techniques.
Table 1: Strain rate ranges and corresponding experimental techniques
Strain rate (s−1) Range Experimental techniques
Below 10−6 Creep Creep-testing machine
10−6 ∼ 100 Quasistatic Conventional servo-hydraulic testing machine
100 ∼ 102 Intermediate Specialized testing machine
102 ∼ 104 High Conventional Kolsky bars
104 ∼ 106 Very high Special Kolsky bars or Taylor impact
106 ∼ 108 Ultra high Pressure-shear plate impact
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Generally, strain rates of interest for structural engineering applications are lower than
100 s−1, which is the boundary between intermediate stain rates and high range rates.
Conventional servo-hydraulic testing machines, which are capable of generating strain rates
up to 1 s−1, are widely used in structural experimental tests. Specially designed servo-
hydraulic systems can achieve strain rates up to 10 s−1 on small scale specimens [109].
Strain rates above 10 s−1 are beyond the capacity of servo-hydraulic systems. As a result,
other experimental techniques need to be adopted to evaluate the responses of materials
and components under intermediate strain rates.
2.4.1 Kolsky bar test
One of the most common techniques for high-loading-rate experiments is the Kolsky bar
test, also know as Split-Hopkinson pressure bar (SHPB) test [19]. Although these two
names can be used interchangeably, sometimes the term Split-Hopkinson pressure bar refers
to compression tests, while the term Kolsky bar covers the more general concepts including
compression, tension, and torsion tests [114].
Figure 11 shows the basic configuration of a compression Kolsky bar test. A specimen
is attached between two bars, which are usually cylindrical metal bars with the same di-
ameters. The initial cross sectional area of the specimen is As and the initial length of the
specimen is l0.
Figure 11: Schematic drawing of a compression Kolsky bar test setup.
The elastic modulus, Eb, and the density, ρb, of the bars are determined by other






The longitudinal axes of the bars and the specimen are aligned in a straight line. The
friction between the bars and the supports is assumed to be negligible, and the bars are
able to slide along the longitudinal axis. The bars are designed to remain elastic during
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the tests and, therefore, are usually made of high strength steel or aluminum. The total
strength of the specimen is required to remain below a certain level in order to ensure that
the bars remain elastic during the test.
To perform the test, an external impact applies onto the outer end of one bar, which
is called the incident bar. The stress wave generated by this impact travels through the
incident bar and reaches the interface between the incident bar and the specimen. From
this interface, one part of the stress wave transmits through the specimen and then into
the other bar, which is called the transmission bar. The other part of the stress wave
reflects back into the incident bar. Strain gages, which monitors the strain changes with
high sampling frequency, are attached to the surface of both the incident bar and the
transmission bar. These stain gages capture three impulse signals: the incident pulse, εI ,
the reflected pulse, εR, and the transmitted pulse, εT . The incident pulse, εI , and reflected
pulse, εR, are measured by the strain gages on the incident bar, while the transmitted pulse,
εT , is measured by the strain gages on the transmitted bar. The distance between the strain
gages on the incident bar and the specimen is selected to be sufficiently long so that the
incident pulse, εI , and the reflected pulse, εR, do not overlap.
The compressive Kolsky bar tests are usually achieved by directly applying a compressive
impulse onto the input end of the incident bar. This compressive impulse is either from
an impact of a striker bar, which is accelerated by pressurized gas, or from the suddenly
release of a static preloading. The tension and torsional Kolsky bar tests share the same
basic concepts as compressive tests but require different setups to achieve different stress
states. Tension Kolsky bar tests generally require special threaded connections between
the specimen and the bars. The geometry of the specimen is usually dog-bone shape or
dumbbell shape to achieve uniformly distributed tensile stress at the gage section of the
specimen. The initial tensile impulse is applied either by an impact onto the incident bar in
the tensile direction from mechanisms such as rotating-disk [66, 76] or by a direct loading
onto the incident bar through a striker tube [98, 102]. Torsional Kolsky bar tests usually
evaluate specimens in tubular shapes [10]. The initial torsional impulse is generated by a
torquing device and an associated clamp to suddenly release the restored energy.
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Based on measurements from strain gages and known properties of the bar materials,
the stress and strain history of the specimen can be derived if the stress and strain are
assumed to be uniformly distributed in the gage section of the specimen.
The stress in the incident bar and in the transmission bar are determined by the following
equations based on the assumption that the bars remain linear elastic during the test:
σ1 = Eb (εI + εR) (21)
σ2 = EbεT (22)
where Eb is the elastic modulus of the bars as mentioned before.
The normal forces at the two contacting surfaces between bars and the specimen are
P1 = σ1Ab = Eb (εI + εR)Ab (23)
P2 = σ2Ab = EbεTAb (24)
To ensure that the test results are valid, dynamic stress equilibrium should be achieved
during the time of interest. For stress equilibrium, the criterion is
P1 = P2 (25)
which implies that
εI + εR = εT (26)
At this condition of stress equilibrium, the magnitude of the force applied onto the
specimen equals to the same magnitude of P1 and P2. Therefore, the nominal stress of the








To obtain stress-strain relation, the strain is also derived from the test results. Based
on the strain gage measurements, the particle velocities at the two interfaces between the
specimen and the bars are calculated as
v1 = cb (εI − εR) (28)
v2 = cbεT (29)
30
where cb is the stress wave velocity in the bars.







(εI − εR − εT ) (30)
Under the condition of stress equilibrium, substitute Equation 26 into Equation 30, the



















After the nominal stress and strain are obtained from Equation 27 and Equation 33,
assigning positive sign to compression, the true stress and strain are derived as
σs = ss (1 − es) (34)
εs = − ln (1 − es) (35)





A critical requirement of a valid Kolsky bar test is the condition of a constant strain
rate because the main purpose of the test is to obtain the stress-strain relation under a
certain strain rate. Ideally, the strain rate should remain constant during the entire test.
This may not be practical for most of the tests because of the limited stiffness of the bars
and lack of closed-loop feedback control. However, a constant strain rate during the time
of interest can still be achieved by an iterative approach in which the initial trial test is
conducted, the results are analyzed, and then the test setup is modified for the next trial
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test. Another method to improve the test is pulse shaping techniques. Through iterations
of several tests and proper pulse shaping techniques, constant strain rates can be achieved
for most of the tests [19].
2.4.2 Other high speed tensile tests
Besides tensile Kolsky bar tests, researchers also developed several other experimental tech-
niques to assess the high-loading-rate responses of materials under tensile force. Generally,
the two ends of the tensile specimen in these tests are connected to shuttles which can slide
along the longitudinal axis of the specimen. Through specially designed mechanisms, either
the two shuttles simultaneously move away from each other at the same velocity or one
shuttle is fixed while the other shuttle moves at a certain velocity, elongating the specimen
rapidly. As a result, the specimen is subject to a high-loading-rate tensile force. Using
proper instruments, the force and deformation of the specimen can be directly measured
rather than derived from strain measurements as in Kolsky bar tests. High speed cameras
can be utilized to monitor the deformation of the specimen.
One method to apply high-loading-rate tensile force is to modify conventional servo-
hydraulic testing machines to achieve higher loading speed. Huh et al. tested steel sheets
with a modified servo-hydraulic tensile testing machine [58]. The maximum velocity of
the loading grip was 7.8 m/s, and the strain rates of the steel specimens with a width of
6 mm were up to 200 s−1. Sun and Khaleel evaluated the strength of riveted and welding
joints using a special servo-hydraulic testing instrument [129]. The maximum velocity of
the moving end of the specimen was 8.94 m/s.
Another method to apply high-loading-rate tensile force is to utilize a force inverter
mechanism to convert the impact from a striking mass into tensile force. For example,
Fatt and Bekar developed a high speed tensile instrument on the basis of a Charpy impact
machine [43]. The shuttle at each end of the specimen was connected to a copper cable.
The cable was wrapped around a pulley and then attached to a sliding bar, which slided
horizontally at a high speed. The two cables and two shuttles formed a symmetric con-
figuration in a plane parallel to the ground. To start the test, the pendulum of a Charpy
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impact machine struck onto the sliding bar and provided the initial impact energy. The
sliding bar stretched the cables, and the cables drove the shuttles into a high speed. As a
result of this mechanism, the specimen was elongated from the two ends symmetrically and
simultaneously. This instrument successfully tested styrene butadiene rubber specimens
with a section of 6.35 mm × 2.54 mm at strain rates varying from 10 s−1 to 1,000s−1.
Mott et al. improved this experimental technique by replacing the Charpy impact pen-
dulum with a drop weight tower [93]. The whole test setup was installed vertically, and
the motions of the mechanism occurred in the plane perpendicular to the ground. Two
L-shaped levers were installed in a symmetric configuration. The output ends of the two
levers were connected to the two ends of the specimen through tensile cables. During the
test, the drop weight hit the input ends of the L-shaped levers. The levers rotated around
their own pivots and pulled the cables at a high speed. The specimen was then elongated
by the two moving cables at the two ends symmetrically. Because of the different lengths of
the two legs of the L-shaped lever, the velocity and displacement caused by the drop weight
were magnified. Elastomer specimens with a section of 4 mm × 1.5 mm were successfully
tested using this system at strain rates up to 588 s−1.
High speed tensile tests were also achieved by direct drop-weight method as demon-
strated by Kleiner et al. [67]. A weight was attached to the lower side of a tensile specimen
while a plunger with a larger diameter was attached to the upper side. The plunger, speci-
men, and weight fall together accelerated by gravity towards a hole in a rigid barrier. The
diameters of the weight and specimen were smaller than the diameter of the hole. Thus,
they went through the hole. However, the plunge had a diameter larger than that of the
hole. Therefore, the plunge hit the barrier and stopped abruptly. As a result, the speci-
men was stretched by the dropping weight at the lower side. The displacement of the drop
weight was measured by an optoelectronic transducer, and the force and deformation of the
specimen were then derived. This method successfully tested aluminum specimens with a
section of 3 mm × 2 mm at strain rates up to 2,200 s−1.
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CHAPTER III
QUASISTATIC CYCLIC LOADING TESTS OF AN SMA-BASED
SEISMIC BRACING SYSTEM
Shape memory alloys have great potential in seismic applications because of their remarkable
superelasticity. SMA-based seismic bracing systems, which are capable of both re-centering
and dissipating energy, can mitigate the damage caused by earthquakes [30]. Nevertheless,
actual applications of SMA-based bracing systems are very limited because of the high cost
of SMA materials and the deficient understanding of the behavior of SMA-based systems.
This research investigates an innovative seismic bracing system based on an SMA ring.
The purpose of the study is to evaluate the responses of SMA rings under quasistatic
cyclic loading and to test the system as a proof-of-concept model of SMA-based seismic
applications, which are suitable for both new constructions and seismic retrofits.
This SMA-based seismic resisting system is a cross-braced frame consisting of a shape
memory alloy ring and four tension-only cable assemblies. The performance of this system
is examined through a quasistatic cyclic loading test and finite element analyses. This study
also compares the performance of this new system with other SMA-based bracing systems,
calibrates a finite element model in Abaqus/Standard on the basis of experimental results,
performs a parametric study on the geometry of SMA rings, and presents an idealized
estimation of the loading capacity of SMA rings. The results indicate that the seismic
performance of this system is promising in terms of resisting force, energy dissipation,
damping, and re-centering ability.
3.1 Introduction of SMA-based seismic bracing systems
A large number of welded steel moment resisting frames exhibited unexpected damage in
the 1994 Northridge and 1995 Kobe earthquakes [83, 95]. The poor performance of these
moment resisting frames resulted in the re-evaluation of other lateral force resisting systems,
which can provide new options for seismic design. One of the main viable alternatives
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to a moment resisting frame was a braced frame. To obtain higher ductility and energy
dissipation, a resisting system with buckling restrained braces (BRB) became a practical
option. However, these BRB systems generally had considerable residual deformations after
earthquakes since they dissipated most of the seismic energy by plastic responses. These
significant residual deformations not only caused structures to be practically unusable before
repairing [17] but also increased the repair time and cost after earthquakes [39].
To reduce residual deformations of structures after earthquakes, some researchers in-
spected the benefits of re-centering braced systems based on SMAs in various configura-
tions [13, 31, 34, 35, 122]. Research interests on experimental and numerical studies on
SMA-based re-centering systems have been increased in recent years [41, 42, 121]. The
results of these studies revealed that SMA-based braces provided excellent re-centering and
energy dissipation abilities. For example, as shown in Figure 12, Speicher et al. [122] de-
veloped an SMA-based bracing system composed of SMA wires, articulated quadrilateral
(AQ) steel components, and four cable assemblies. One primary merit of this system was
that the elements inside the AQ were able to resist both tension and compression while all
the elements outside the AQ were tension-only. The system had two configurations with
different components installed. One was the AQ-S bracing system as shown in Figure 12(a)
with only SMA wires inside the AQ, the other was the AQ-SC bracing system as shown in
Figure 12(b) with SMA wires and two C-shape steel dissipaters installed inside the AQ. The
performances of these bracing systems were investigated by quasistatic cyclic loading tests.
The AQ-S bracing system showed great re-centering ability with a residual story drift of
only 0.12% after the test frame was pushed to 3% story drift. The AQ-SC system exhibited
higher damping capacity as well as satisfying re-centering capacity with a 0.47% residual
story drift after the 3% story drift. As a result, these seismic bracing systems based on
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Figure 12: SMA-based AQ bracing system: (a) AQ-S configuration and (b) AQ-SC config-
uration
3.2 Experimental design
3.2.1 Design of the bracing system
Based on the SMA-based AQ system as shown in Figure 12, the current study replaced
the AQ and SMA wire bundles with an SMA ring. As illustrated in Figure 13, the SMA
ring was connected to four cable assemblies by custom-made steel connectors. The angle





Figure 13: Cross-braced system based on an SMA ring.
As shown in Figure 14, the outer and inner diameters of the SMA ring were 257 mm
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and 202 mm, respectively. The thickness of the ring was 57 mm. The SMA ring was
manufactured by Nitinol Technology and was made of superelastic NiTi SMA (Alloy 508).
First, an initial disk, which was 152 mm in diameter and 64 mm in thickness, was cut from
a forged ingot. The disc was then heated to 750◦C. After that, a center plug with 76 mm
diameter was pushed onto the disk to form the center hole and create an initial rough
ring. This rough ring was repeatedly heated to approximately 800◦C and gently hammer
forged on a cylindrical mandrel to shape it to an outer diameter of roughly 203 to 229 mm.
Finally, the ring was reheated and then rolled on a ring rolling machine to achieve the
final dimensions. During the entire process of fabrication, proprietary heat treatments were




Figure 14: Dimensions of the SMA ring.
To design the steel connections and cable assemblies, the maximum required deforma-
tion and force of each component were estimated with a preliminary finite element (FE)
simulation using Abaqus/Standard. Since available test results for the ring-shaped SMA
specimen were scarce, its mechanical properties were assumed to be similar to the NiTi SMA
dog-bone specimens tested by Speicher et al. [124]. Figure 15(a) shows the stress-strain
curves of the dog-bone specimens along with the simplified tri-linear stress-strain curve used
in this FE simulation. Figure 15(b) shows the simulated results for the force-deformation
curve of the SMA ring under monotonic loading.
In this FE simulation, two tensile forces with the same amplitude but opposite directions

































Figure 15: Preliminary FE simulated results: (a) Assumed stress-strain curve of the SMA
material based on the experimental results of the SMA dog-bone specimen from Speicher
et al. [124] and (b) resulting force-deformation curve of the SMA ring under monotonic
loading.
of the inner diameter of the ring, and the deformation in Figure 15(b) was the displacement
between these two loading points. The stiffness of the cable assemblies was estimated based
on the cross-sectional area and elastic modulus of the cable. After they were connected
together, the SMA ring and two cables in one diagonal direction can be treated as springs
in series. The estimated maximum deformation in the diametric direction of the ring was
approximately 50.0 mm at 3.5% story drift and the corresponding maximum tensile force
was 237 kN as obtained from the Abaqus simulation. The drift of 3.5% was the maximum


















Figure 16: Design of the steel connections (unit: inch).
Based on this estimated maximum force, steel connections were designed and fabricated
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to connect the SMA ring to the steel cable assemblies. As shown in Figure 16, each con-
nection consisted of two steel pieces: one T-shaped piece on the outside of the ring and one
circular piece on the inside of the ring. These two pieces were made of steel with minimum
yield stress of 345 MPa and were connected with high-strength bolts with a minimum yield
stress of 896 MPa. The steel pieces and bolts acted together as a clamp and transferred the
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Figure 17: Experimental setup: (a) loading frame, (b) SMA ring and steel connections, (c)
turnbuckle and custom-made load cell, and (d) pad-eye connection and LVDT.
Figure 17(a) shows the experimental setup including the existing loading frame [71] and
the new cross-braced system built for the current study. The existing loading frame was
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a steel portal frame with pins at each corner and had a story height of 4, 394 mm. The
bottom beam was post-tensioned to the strong floor by Dywidag threaded bars. Lateral
braces on the top beam were installed to prevent out-of-plane deformation.
The cross-braced system consisted of an SMA ring in the middle and four cable as-
semblies connecting the SMA ring to the frame. Each cable assembly was composed of
a 28.6 mm (1.125 inch) diameter wire rope sling with a breaking strength of 436 kN and
a turnbuckle with a breaking strength of 476 kN. Wire rope thimbles and swage sleeves
were installed ar both ends of the wire rope slings to protect the steel wires. Shackles
with a breaking strength of 454 kN were used to connect the wire rope slings to the steel
connections as shown in Figure 17(b). Custom-made load cells, which were fabricated from
38.1 mm (1.5 inch) diameter threaded rods made of ASTM A193 alloy steel with a yield
stress of 720 MPa, were installed between the screw threads and one of the rods of the turn-
buckles as shown in Figure 17(c). To construct the load cell, four foil strain gages, which
formed a full Wheatstone bridge to monitor the axial forces, were attached to the machine
finished surfaces on the lateral sides of the steel threaded rods. Four custom-made steel pad-
eyes were bolted to the both ends of the top and bottom beams as shown in Figure 17(d).
The cable assemblies were connected to the steel frame with clevis pins through these pad-
eyes. The cable assembles were pre-tensioned by manually turning the turnbuckles. Before
the actual cyclic loading test, each pair of cable assemblies in the same diagonal direction
were installed to the frame and then connected by an additional turnbuckle in the middle
to identify the response of the braced frame with only cables installed. The initial lateral
stiffness of this cable-only braced frame was 2.4 kN/mm.
An MTS hydraulic actuator with a capacity of 1,000 kN, controlled by a digital MTS 407
controller, was installed between the left end of the top beam and the existing strong wall.
The built-in LVDT and load cell of the actuator monitored the lateral displacement and
lateral force, respectively. The maximum stroke of the actuator was 173 mm, corresponding
to 3.9% story drift. A string potentiometer was installed to the other end of the top beam
to verify the measurement of lateral displacement. As shown in Figure 17(d), LVDTs were
installed between the pad-eyes and the steel beams to monitor the potential slippage. Two
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string potentiometers were bolted to the T-shapes steel connections on the outside of the
SMA ring to measure the diametric deformation in two diagonal directions. Foil strain
gages were attached to the surface of the ring to measure the strains in the hoop direction.
The data acquisition system utilized an NI SCXI platform as the hardware and LabVIEW
as the software.
3.2.3 Loading protocol
Seismic performance of structures depended on cumulative damage from previous applied
loadings as shown in previous studies [70]. Therefore, the choice of loading protocols affected
the effectiveness of evaluation for seismic performance. The cyclic loading protocol in this
research was modified from the SAC protocol [110], which originally comprised six cycles
of 0.375%, 0.50%, and 0.75% story drift, followed by four cycles of 1% story drift and then
two cycles of 1.5%, 2%, 3%, and 4% story drift. As shown in Figure 18, two cycles of 2.5%
and 3.5% story drift were added in this research to obtain more valuable information on
the hysteretic responses of the SMA-based system. The maximum story drift was selected



























Figure 18: Loading protocol of the cyclic loading test.
Previous research suggested that the strain rates of quasistatic tests of SMAs should
not exceed 0.0005 s−1 in order to ensure an isothermal condition and minimize temperature
effects [116]. Therefore, the constant loading rate of the actuator during the entire cyclic
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loading test was selected as 12.7 mm/min (0.5 inch/min), which corresponded to a strain
rate of approximately 0.0001 s−1 at the SMA ring. The sampling rate of the data acquisition
system was set as 1 Hz, which was sufficient for this quasistatic loading test. The test was
performed at an ambient temperature of 20 to 21◦C.
As mentioned before, this cross-braced system was designed as a tension-only bracing
system. Generally, tension-only concentrically braced frames exhibited pinched hysteretic
loops during higher story drifts because of the increased slackness of the bracing members
after each loading cycle [45]. Therefore, diagonal bracing members were required to be
pre-tensioned to minimize the slackness. Before the cyclic loading test, the turnbuckles
were tightened to provide appropriate tensile forces to the cable assemblies. After several
trial loading cycles of less than 0.375% story drifts, the turnbuckles were tightened again
to induce pre-tension forces into the cable assemblies. Since the turnbuckles were manually
tightened and the cable assemblies were installed and pre-tensioned in one diagonal direction
after the other, the pre-tension forces in these two directions were not identical. To prevent
damage of the SMA ring, the pre-tension forces were not applied to an excessive level. From
the measurement of cable load cells during the pre-tension process, the pre-tension forces
in the two diagonal directions were approximately 20 kN and 11 kN, respectively.
3.3 Discussion of experimental results
3.3.1 Experimental observations
Figure 19 shows photos of the deformed SMA ring under various story drifts. Figure 20(a)
shows the force-deformation curve of the SMA ring, cable assemblies, and the system con-
sisted of the SMA ring and the cable assemblies. The tensile force was averaged from
measurements of the two load cells in each diagonal direction. The maximum tensile forces
in the push (positive, from left to right) and pull (negative, from right to left) direction
were 197 kN and 183 kN, respectively. The deformations of the SMA ring in the diagonal
directions were directly measured by the two string potentiometers bolted diagonally across
the SMA ring. The maximum ring deformations in the push and pull direction were 48 mm
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Figure 19: Deformed shape of the SMA ring at various story drifts in the positive direction:
(a) 2% story drift, (b) 2.5% story drift, (c) 3% story drift, and (d) 3.5% story drift.
and 44 mm, respectively. The deformation of the system was derived from the frame geom-
etry and the measured lateral displacement of the actuator. The deformation of the cable
assemblies was calculated as the deformation of the system minus the deformation of the
SMA ring. The slight differences of the peak force and deformation between push and pull
directions were mainly caused by the difference in the initial pre-tension forces.
Figure 21 shows the hysteresis curves of the lateral force versus the story drift of the
braced system. Since the SMA ring and the two steel cable assemblies in one diagonal
direction can be treated as springs in series, the lateral displacement of the frame and
associated story drift were divided into separate contributions from the SMA rings and
from the cable assemblies. Therefore, the responses and performances of the SMA ring and
the cable assemblies can be discussed separately. The experimental results were presented
in three categories: SMA ring, cable, and system. The results labeled as System in Figure
21(c) were the measured responses of the actual tested braced frame consisting of the SMA









































































Figure 20: Hysteretic responses of the force-deformation in the diagonal direction: (a)
tensile force versus deformation for all cycles, (b) tensile force versus deformation for the
first cycles of 0.5%, 0.75%, and 1% story drift, and (c) tensile force versus deformation for
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Figure 21: Lateral force versus story drift of sub-components and system.
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a fictitious braced frame consisting of the actual SMA ring and fictitious rigid cables instead
of the actual deformable steel cable assemblies. Therefore, in this fictitious braced frame,
all the possible deformations and energy dissipation occurred in the SMA ring. By the
same token, the results labeled as Cable in Figure 21(b) were the responses of the fictitious
braced frame consisting of actual steel cable assemblies and a fictitious rigid ring instead of
the actual deformable SMA ring. The deformation and energy dissipation of this fictitious
braced frame were completely determined by the responses of the steel cable assemblies.
As shown in Figure 21, at any time, the lateral story drift of the actual frame labeled as
System always equaled the summation of the story drifts of the two fictitious frames labeled
as SMA and Cable.
As shown in Figure 21(c), the hysteresis loops of the SMA-based system successfully
exhibited the characteristics of tension-only re-centering systems. The lateral force and
dissipated energy increased for each cycle of increased amplitudes of story drifts, and the
residual story drifts were relatively small when the lateral force was around zero between
two successive cycles.
Using the hysteretic responses of the actual tested frame and the two fictitious frames,
dissipated energy, equivalent damping ratio, and residual story drift for System, SMA, and
Cable were calculated. The performance of the actual tested frame, labeled as System, was
the combination of these two fictitious frames. For example, under the same lateral force,
the dissipated energy of System were the summation of those of SMA and Cable, while the
equivalent damping ratio of System was approximately the average of the damping ratios
of SMA and Cable.
The total input energy was dissipated by the SMA ring and cable assemblies. Energy
dissipated by the SMA ring, cable assemblies, and entire system were computed as the
area enclosed by the hysteresis curves in Figure 21 for each cycle. Figure 22(a) shows the
dissipated energy ED in the first and second cycles of each drift for the entire system and
individual components. At 1% to 2.5% story drift, the SMA ring dissipated more than
60% of the total dissipated energy. This ratio decreased to 52% for the first cycle of 3.5%

















































































































Figure 22: Responses of the 1st and 2nd cycles for each story drift for SMA, Cable, and
System: (a) dissipated energy, (b) maximum diagonal deformation, (c) equivalent damping
ratio, and (d) residual story drift.
contributed larger portion into the total deformation, as shown in Figure 22(b). Comparison
of the dissipated energy between the first and second cycles of the same story drift indicated
that the cable assemblies exhibited a dramatic reduction while the SMA ring exhibited a
stable performance with slight deterioration. For example, at 3.5% story drift, the dissipated
energy of the SMA ring of the second cycle was 10% less than that of the first cycle, while
the dissipated energy of the cable assemblies of the second cycle was 65% less than that of
the first cycle.
The equivalent damping ratio ζeq was associated with the ratio of the dissipated energy
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where ED was the dissipated energy as defined previously and ESO was the energy absorbed
by an equivalent linear system loaded to the same maximum force and displacement. Figure
22(c) shows the calculated equivalent damping ratios for the first and second cycles of each
story drift. For the first cycle of 2% story drift, the damping ratios of the entire system and
SMA ring reached the peak values of 8% and 13%, respectively. As the story drift increased,
a large amount of deformation occurred in the cable assemblies as shown in Figure 22(b).
Therefore, at the first cycle of 3.5% story drift, the damping ratios of the system and SMA
ring decreased to 7% and 11%, respectively. As shown in Figure 13(c), from the first cycle
to the second cycle of the same story drift, the damping ratio of SMA ring decreased by
less than 10% while the damping ratio of cable assemblies decreased by approximately 40%
to 60%. In terms of damping ratio, SMA ring showed much less deteriorations compared
with cable assemblies.
The re-centering ability of this bracing system was assessed by the residual story drift
defined as the story drift at zero lateral force. McCormick et al. [86] concluded that a
residual story drift larger than 1% was highly possible to cause occupants feel uncomfortable
both physiologically and psychologically. Moreover, the repair costs of damaged structures
with residual drift larger than 1% were significantly higher than those less than 1%. Figure
22(d) shows the residual story drift of the entire system and its distribution between the
SMA ring and cable assemblies. The total residual drifts are 0.1% and 0.4% for story drifts
of 1% and 2.5%, respectively. For small story drifts, the residual drifts were mainly caused
by the residual deformations in the SMA ring. During large story drifts, the increases of
residual drifts were mainly associated with the residual deformations in the cable assemblies
around the cable thimbles as the thimbles started to yield. Another reason was that some
regions of the SMA ring exceeded the martensite yield strain. The re-centering ability
of SMA ring diminished as more regions were subject to excessive large strain beyond
martensite yield point. Unlike the energy dissipation and the damping ratio, the residual
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story drift was not significantly influenced by the repeated cyclic loading. The re-centering
ability can be enhanced by optimizing dimensions of the SMA ring and improving the cable
system such as adopting stiffer steel members and more reliable connections.
3.3.2 Comparison with previous SMA-based AQ bracing systems
The experimental results of this bracing system based on an SMA ring were compared with
results of the SMA-based AQ-S and AQ-SC bracing systems tested by Speicher et al. [122].
This comparison was performed in terms of the lateral strength, dissipated energy, damping
ratio, and residual story drift of the braced systems. This comparison only included the
results for the first cycle of each story drift up to 3.0% because the AQ systems were tested
up to this story drift.
As shown in Figure 23(a), as the story drift increased, the lateral strength of the SMA
ring system almost linearly increased, while the lateral strength of the two AQ systems
increased at a slower rate. Since the SMA ring had a larger cross section, the lateral strength
of the ring system was the highest over the entire range of story drifts. Figure 23(b) shows
that the dissipated energy of the ring system was also the highest. The dissipated energy of
the AQ-SC system was higher than AQ-S system because of the additional energy dissipater,
but still slightly lower than the ring system.
Figure 23(c) shows the comparison of the equivalent damping ratios of these bracing
systems. At story drifts below 0.5%, the damping ratios of these bracing systems were very
similar since deformations of SMAs under small story drifts were not sufficiently large to
affect the damping ratios. The damping ratio of the SMA ring system dropped at 0.5%
story drift and then began to increase. Similarly, for the AQ systems, the damping ratio
continued to decrease until 1% story drift, and then started to increase rapidly. From
1% to 2% story drift, the damping ratios of both ring system and AQ systems increased
significantly because SMAs began to deform into the phase transformation range. The
damping ratios of the ring and the AQ-S system became constant and very similar to each
other at story drifts greater than 1.5%, while the damping ratio of the AQ-SC system kept


















































































































SMA ring SMA wires (AQ-S) SMA wires + C-shape dissipater (AQ-SC )
Figure 23: Responses of the first cycles for each story drift of the SMA ring system, the AQ-
S system, and the AQ-SC system: (a) lateral strength, (b) dissipated energy, (c) equivalent
damping ratio, and (d) residual story drift.
ratio. Beyond 2% story drift, the AQ-SC system had the largest damping ratio because of
its additional energy dissipater.
The re-centering abilities of these systems were compared in Figure 23(d). The AQ-S
system was the most effective in providing re-centering over the entire range of drifts. At
story drifts below 2%, the AQ-SC system had the largest residual story drift because of
the permanent deformation of the C-shape steel energy dissipater. At story drifts above
2%, the residual drift of the ring system was the largest because of the increase of slack
in the cable assemblies and connections. At the story drift of 3%, the residual story drift
in the ring system was approximately 5.7 times of that in the AQ-SC system. Possible
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reasons included strain concentrations in the SMA ring caused by its non-prismatic shape
and permanent deformations in the cable assemblies of the ring system.
3.4 Finite element simulation of SMA rings under static loading
3.4.1 Modeling methods
To expand the applications of this SMA-based bracing system, an FE model was established
to simulate the mechanical properties of SMA rings. The FE model was calibrated on the
basis of the experimental results obtained from the quasistatic cyclic loading test. This study
adopted Abaqus/Standard to simulate SMA rings under cyclic loading and to perform a
parametric study on the size effects the SMA rings. An idealized model was established
from the parametric study to estimate the loading and deformation capacity of SMA rings
with different sizes. This idealized model provided rough guidelines for the analysis of SMA
rings.
This FE simulation applied an Abaqus built-in superelastic material constitutive model
based on the Auricchio-Taylor model [8, 9]. The material model was created by a user-
defined material (UMAT) subroutine called ABQ SUPER ELASTIC N3D. This subroutine
defined the material properties by 15 parameters, including elastic modulus and Poisson’s
ratios for both austenite and martensite phases, transformation strain, and stress values
when phase transformations start and finish.
Since linear elements generally provided more robust solutions for very large deforma-
tions, this study adopted 8-node linear brick elements rather than 20-node quadratic brick
elements. Element type C3D8I with incompatible modes was selected because the incom-
patible modes can alleviate the fictitious increase in stiffness associated with potential shear
locking of the elements.
The SMA ring was modeled as a three-dimensional deformable solid body. Because of
the relatively high stiffness of steel material compared with the SMA material, the steel con-
nections inside the ring were simplified as analytical rigid bodies, which applied the external
force to the SMA ring with a displacement-controlled procedure. The input displacement
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history on the analytical rigid bodies was extracted from the experimental measured re-
sults. Since contact regions of the steel connections were cylindrical surfaces covered with
hard rubber pads as shown in Figure 16, the contact property between the connections and
SMA ring was simplified as a non-frictional surface contact. No additional constraint was
modeled between the connections and the SMA ring. As a result, the steel connections
inside the SMA ring can only push the ring outwards but not pull the SMA ring inwards,
matching the tension-only bracing system during the experiments. The steel connections in
the two diagonal directions moved cyclically in one direction and then the other following
the sequences of the experiments.
Figure 24 shows the mesh of the SMA ring, which was locally refined for regions that
underwent high strain during cyclic loading tests. These refined regions included the re-
gions near the steel connections and the regions near the cross sections perpendicular to
the directions of tensile forces. The refined regions were meshed with an element size of
approximately 2.5 mm. To increase computational efficiency, regions not subjected to high
strain were divided into a relatively coarse mesh. The total number of the elements for the
SMA ring was 8,960.
(a) (b) (c)
Figure 24: FE model of the SMA ring: (a) FE mesh, (b) applying tensile force in the for-
ward slash diagonal direction, and (c) applying tensile force in the backward slash diagonal
direction.
3.4.2 Validation of the simulated results
Input parameters of the material model used in the FE simulation are listed in Table 2.
These parameters were determined by a trial-and-error method such that the simulated
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force-deformation curves correlated with the experimental results within acceptable toler-
ances. The modulus, critical stress values, and Poisson’s ratio in these parameters were
in the same order as the parameters in previous studies [40, 111]. Since the current study
focused mainly on superelastic behavior of the SMA ring rather than temperature-related
behavior, the parameters related to temperature had minimal effects on the simulated re-
sults. These temperature-related parameters in Table 2 were adopted from previous studies
[23, 68]. Because of different micro behaviors under monotonic tension and compression
loadings, NiTi SMAs generally exhibited asymmetric stress-strain relations between ten-
sion and compression [80]. This asymmetric behavior became more complex for SMA
components under bending [90]. For simplicity, the current study assumed a symmetric
stress-strain relation between tension and compression.
Table 2: Input parameters of SMA material model in FE simulation.
Modeling parameter Symbol Value Units
Modulus of elasticity for austenite EA 22,753 MPa
Poisson’s ratio for austenite νA 0.33
Modulus of elasticity for martensite EM 42,748 MPa
Poisson’s ratio for martensite νM 0.33









Stress at the start of phase transformation
during loading
σMs 124 MPa
Stress at the finish of phase transformation
during loading
σMf 359 MPa










Stress at the start of phase transformation
during unloading
σAs 48 MPa
Stress at the finish of phase transformation
during unloading
σAf 1 MPa
Stress asymmetry at start of transformation
during loading in compression
σCL,s 0 MPa
Volumetric transformation strain εVl 0




Figure 25(a) shows the stress-strain relation of the SMA material in FE simulations
labeled with critical points related to phase transformations as shown in Figure 8. Figure
25(b) shows the comparison of the experimental and simulated force-deformation curves of
the SMA ring under cyclic load. The simulated peak force results matched the experimental
results within 3% differences during both the elastic range and the phase transformation
range from austenite to martensite. For example, the differences between the simulated
and experimental peak forces at 2.5%, 3.0%, and 3.5% story drifts were 0.8%, 2.5%, and
1.2%, respectively. After some regions of the SMA ring reached the AMf point as defined
in Figure 25(a), the simulated results started to slightly deviate from the experimental
results. This deviation was possibly caused by the diminishing of re-centering ability of the
SMA ring in experimental results. Another possible reason was that the input martensite
elastic modulus, EM , was a compromise between the reasonable fits of the loading segment
before the AMs point and the unloading segment after the AMf point since EM influenced
both of these two segments. This idealized material model assumed a perfect superelastic
relation. As a result, the FE simulation was not able to account for residual deformations
and deteriorations between cycles. Because of this limitation, the unloading segments of















































Figure 25: FE simulated results in Abaqus: (a) stress-strain curve of the SMA material and
(b) comparison of the simulated and the experimental force-deformation curves.
Figure 26 shows the von Mises stress of the SMA ring under 1.5%, 2.5%, and 3.5%
story drift. The stress contour was illustrated based on critical stress values of phase
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transformations, Therefore, the stress contour identified the phase status of each location.
Unlike SMA bars or wires that had nearly uniform stress distributions along the sections,
the SMA ring had significant stress concentrations at certain regions. For example, in
Figure 26(a), the von Mises stress at the contact locations between the SMA ring and the
steel connections was higher than 359 MPa (σMf ), indicating that these regions already
transformed into the martensite phase. In contrast, the von Mises stress at rest of the
locations was below 359 MPa. As shown in Figure 26(b), at 2.5% story drift, the stress
at the inner edge of the cross section perpendicular to the tensile force exceeded 359 MPa,
and the peak stress of the SMA ring was higher than 800 MPa corresponding to a strain
of 0.065. Figure 26(c) shows that the volume of the regions with stress values higher than
359 MPa increased as the story drift increased. Nevertheless, the stress at most regions of
the ring was still between 124 MPa (σMs) and 359 MPa (σMf ), indicating that majority







Figure 26: Von Mises stress of the SMA ring for (a) 1.5% story drift, (b) 2.5% story drift,
and (c) 3.5% story drift (unit: MPa).
Since the deformation of the SMA ring was symmetric under the tensile forces applied
from the steel connections in one direction, a quarter of the ring was taken as a free body
to identify the stress distribution as illustrated in Figure 27(a). The cross section A was
perpendicular to the tensile forces, and the cross section B was parallel to the tensile forces.
Both sections exhibited stress concentrations towards the edges. Figure 27(b) depicts the
axial stress distribution along section A. The inner edge was in compression, while the
outer edge was in tension with a high concentration. The total resultant axial force was
95.6 kN, which was balanced by half of the peak tensile force in Figure 25(b). The axial
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stress distribution along the section B is shown in Figure 27(c). The total resultant axial
force was 26.6 kN, which was balanced by the vertical component of the contact force from
the steel connection. Although this total resultant force was small, the stress near the edges



































Figure 27: Stress distribution of the SMA ring at 3.5% story drift: (a) locations of sections
and points, (b) axial stress distribution along section A, and (c) axial stress distribution
along section B (unit: MPa).
Figure 28 shows the experimental strains measured from strain gages and the FE sim-
ulated strains at points C and T as indicated in Figure 27(a). Since the strain gages have
a maximum measurable strain of 5%, the valid experimental strain results were limited to
small story drifts. As shown in Figure 28(a), the FE simulated results for point C fit the
experimental results within 5% difference for the loading segment up to 1% story drift.
After that, the experimental results exhibited residual strains after each cycle, and the
FE simulated results began to deviate from the experimental results. Figure 28(b) shows
the comparison of the experimental and simulated strain results at point T . Since the
strain gage failed at around 0.75% story drift, the FE results were only compared with the





















































Figure 28: Comparison of the simulated and experimental force-strain curves.
The gage length of the strain gages in this study was 0.3 mm, which was one of the
smallest in common strain gages for structural tests. Since the strain gages measured
the average strain over the entire gage length, these average values may not represent
the real strain distribution at regions subject to large strain gradients. Because of stress
concentration, the strain gradient near the edge of the ring was large. As a result, the
experimental measurements from strain gages were compromised. This partly explained
the difference between FE simulated results and experimental results.
In conclusion, the simulated force-deformation results of the SMA ring matched the
experimental results within 5% tolerance under loading. The FE simulated stress results
balanced the measured tensile force and satisfied the equilibrium requirement. The FE
simulated strain results were verified by measurements from strain gages at small story
drifts. This FE model was able to estimate the performance of SMA rings under cyclic
loading. However, the FE simulated results under unloading did not perfectly capture
the residual deformation observed in the experiment. This limitation was because of the
simplifications of material models in FE simulations.
3.4.3 Simplified loading curves for SMA rings
Based on the FE simulations discussed above, a parametric study was conducted to inves-
tigate the relation between the performance and the geometric sizes of SMA rings. The
geometry of SMA rings was defined by three independent variables as shown in Figure 29:
56










Figure 29: Design variables of SMA rings.
The reference values of these variables were selected as B = 57.0 mm, T = 27.5 mm, and
OD = 257.0 mm, which were the dimensions of the SMA ring in the experimental test.




(OD − T ) (38)
The total volume of the ring was calculated as
V = 2πRTB (39)
In this parametric study, the values of these three variables, B, T , and OD, changed
gradually around the reference values. Five values for width, B, were selected as 25.4 mm,
38.1 mm, 50.8 mm, 63.5 mm, and 76.2 mm; five values for height, T , were selected as
12.7 mm, 19.1 mm, 25.4 mm, 31.8 mm, and 38.1 mm; five values for outer diameter, OD,
were selected as 203.2 mm, 228.6 mm, 254.0 mm, 279.4 mm, and 304.8 mm. As a result, a
total of 125 cases with different ring dimensions were investigated in this study. For each
ring, the radius of the rigid surface representing the steel connection inside the ring was
chose as half of the inner radius of the ring.
The maximum principle strain εmax at point A, which was at the middle of the inner
edge of the cross section perpendicular to the direction of the external tensile forces as
shown in Figure 29, was selected as the criterion to compare the performance of different
cases. Each case was loaded monotonically until εmax reached 0.1.
57
The stress-strain relation under monotonic loading was divided into three segments as
shown in Figure 8: the austenite segment before AMs, the transition segment between AMs
and AMf , and the martensite segment after AMf . Therefore, for simplicity, the nonlinear
force-deformation relation of the ring was idealized as three linear segments. The goal of
this idealization was to represent the nonlinear force-deformation relation by an simplified
tri-linear relation as closely as possible.
The first method to idealize the nonlinear loading curves into tri-linear curves was to find
the tri-linear curves with the least square errors. For example, for three randomly chosen
cases, Figure 30 shows the FE simulated loading curves as solid lines with the asterisk
markers corresponding to εmax from 0.01 to 0.1 with an increment of 0.01. Figure 30 also
plots the tri-linear simplified curves with the least square errors plotted as red dashed lines.
The ending points of each loading curve were arbitrarily chosen as εmax equals 0.1, and the
results of these idealizations were affected by the choice of this ending point. If the criterion
of the ending points was changed, the idealized results also changed since the points defining




















B = 25.4 mm
T = 19.1 mm
OD = 304.8 mm
B = 38.1 mm
T = 19.1 mm
OD = 228.6 mm
B = 25.4 mm
T = 31.8 mm
OD = 254.0 mm
Figure 30: Examples of tri-linear idealization defined by least square errors.
The second method of idealization was to define the tri-linear curves by several critical
points corresponding to certain εmax values. The first turning point on a tri-linear ideal-
ized curve in Figure 30 was close to the point corresponding to εmax equals 0.01 on the
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comparable simulated curve. Similarly, the second and third points on a tri-linear idealized
curve were close to the points corresponding to εmax equals 0.07 and 0.10 on the comparable
simulated curves, respectively.
The tri-linear curves were then simplified as straight lines connecting the points cor-
responding to εmax equals 0, 0.01, 0.07, and 0.10. Figure 31 shows the idealized loading
curves of three randomly chosen cases using this method. The results for the first and sec-
ond segments fitted closely with the FE simulated results. The results for the third segment
overestimated the tensile force.
B = 50.8 mm
T = 25.4 mm
OD = 304.8 mm
B = 50.8 mm
T = 25.4 mm
OD = 254.0 mm
B = 63.5 mm
T = 25.4 mm


















Figure 31: Examples of tri-linear idealizations defined by points corresponding to certain
strain values.
The first idealization method based on least square errors produced results that were
numerically closer to the FE simulated results while the second idealization method con-
structed the idealized loading curves by connecting clearly defined points which were cor-
related to certain εmax values. The following discussion adopted the second method to
investigate the relation between responses and dimensions of SMA rings.
The stiffnesses for the three segments during loading, k1, k2, and k3, were determined
as the slopes of the idealized loading curves discussed above. Miller et al. [88] proposed
that the stiffness of an elastic ring under tensile forces applied at the two ends of a diameter
was proportional to EI/R3, where E was the elastic modulus of the material and I was
the moment of inertia which equaled BT 3/12. Since SMA materials had different elastic
59
moduli for different phases, the elastic modulus of the austenite phase was chosen as the
elastic modules value, E, used in the following calculations. The stiffnesses k1, k2, and k3

























Figure 32: Loading stiffnesses of the three segments.
As shown in Figure 32, the stiffness k1 and k2 have linear relations with EI/R
3 .
During the first segment, the whole SMA ring was in the austenite phase without any phase
transformation. During the second segment, because the transformation from austenite into
detwinned martensite started at a relatively low strain, most of the regions of the SMA ring
reached that strain and started the phase transformation. As a result, nearly all the regions
of the SMA ring were in the transition phase. Therefore, the stiffnesses, k1 and k2, were
both linear with respect to EI/R3 because materials of the entire ring behaved similarly.
However, the stiffness for the third segment, k3, was not linear with respect to EI/R
3.
The main reason was that the materials from different regions of the ring no longer behave
similarly. Because of the high strain caused by stress concentration, only the regions near
the steel connections and the cross sections perpendicular to the force directions completed
the phase transformation and were already in the martensite phase. The rest regions of
the ring were still undergoing phase transformation. Therefore, different regions of the ring
exhibited different stress-strain behaviors, and the stiffness of the ring was no longer linear
to EI/R3 .
Numerical expressions for k1, k2, and k3 were established by curve fitting. The stiffnesses
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for the first and the second segments of the tri-linear relation, k1 and k2, were estimated
as linear expressions. The stiffness for the third segment, k3, was fit into a power function.




































which was based on the assumptions that the thickness of the ring, T , is negligible compared
with the radius of the ring, R, and the external forces were idealized point loads. Since the
thickness of the ring, T , for most of the cases examined in this study was not negligible,
and the external forces were applied to the SMA ring through surface contact rather than
idealized point loads, the elastic stiffness results obtained from Equation 40 was close but
not identical to the estimation obtained from Equation 43.
The diametric deformations, u1, u2, and u3, corresponding to εmax equals 0.01, 0.07,
and 0.10, respectively, were found to be linearly correlated to R2/T as shown in Figure 33.
Since the external forces were applied within the plane of the ring, the width of the cross
section, B, which was the extrusion out of the plane, had little effect on the deformation.
The relation between the deformation and the corresponding strain was geometric and,
thus, independent of the elastic modulus, E.
The results of curve fitting for deformations, u1, u2, and u3, were the following equations


































Figure 33: Deformations corresponding to the start and finish of the three segments
For an idealized tri-linear loading curve, the tensile forces, F1, F2, and F3, of turning
points corresponding to εmax of 0.01, 0.07, and 0.10, were derived from the stiffnesses and
deformations defined above.
F1 = k1u1 (47)
F2 = F1 + k2(u2 − u1) (48)
F3 = F2 + k3(u3 − u2) (49)
As a result, the idealized tri-linear loading curve of a SMA ring with given dimensions
was fully determined. For example, the dimensions of the SMA ring used in the cyclic
loading test were B = 57.0 mm, T = 27.5 mm, and OD = 257.0 mm. The elastic modulus
of the austenite phase was E = 22, 753 MPa.




(OD − T ) = 1
2

























= 478.8 mm (53)






































The deformations of the two turning points and the end point of the idealized tri-linear




= 0.0147 × 478.8 mm = 7.04 mm (57)
u2 = 7.29 mm + 0.0771
R2
T
= 7.29 mm + 0.0771 × 478.8 mm = 44.21 mm (58)
u3 = 18.26 mm + 0.1037
R2
T
= 18.26 mm + 0.1037 × 478.8 mm = 67.91 mm (59)
The forces of the two turning points and the end point of the idealized tri-linear relation
were calculated as follows:
F1 = k1u1 = 7.537 × 7.04 = 53.06 kN (60)
F2 = F1 + k2(u2 − u1) = 53.06 + 2.778 × (44.21 − 7.04) = 156.32 kN (61)
F3 = F2 + k3(u3 − u2) = 156.32 + 9.460 × (67.91 − 44.21) = 380.52 kN (62)
Figure 34 shows the idealized tri-linear loading curve of this SMA ring as well as the
experimental and FE simulated loading curves. As mentioned before, the maximum diamet-
ric deformation of the SMA ring during the experimental test was 47.6 mm. The material
stayed within the first and second segments for most of the story drifts and only reached
the third segment beyond 3.0% story drift. Therefore, the overestimation of tensile forces
in the third segment had little effect on the overall results for this particular ring.
In conclusion, SMA rings with different dimensions were analyzed using the calibrated
finite element simulation. Numerical expressions of force and deformation capacities were
determined by curve fitting of FE simulated results. The idealized tri-linear expressions
of loading curves properly captured the behavior of SMA rings under monotonic loading,






















Figure 34: Idealized loading curve for the experimental tested SMA ring.
phase transformation. These idealized tri-linear expressions were suitable for preliminary
analysis of SMA rings.
3.5 Summary
In this chapter, a seismic bracing system based on an SMA ring was designed, fabricated,
and tested to examine its seismic performances, including resisting strength, energy dissi-
pation, damping, and re-centering ability. The results of the quasistatic cyclic loading test
demonstrated that the damping and energy dissipation of the SMA ring system were stable
under various story drifts. SMA ring was able to dissipate considerable amount of energy
and provide satisfying re-centering ability. The performances of this bracing system were
compared with those of two SMA-based systems developed in a previous studies. The com-
parison of results indicated that the SMA ring system exhibited the highest lateral strength
and energy dissipation, which are critical for large scale structural applications. The ring
system also showed a reasonable damping ratio. The re-centering ability of the ring system
was not as good as previously tested systems. One primarily reason was the yielding of
sub-components in the cable assemblies. Another possible reason was the excessive strain
in some regions of the SMA ring caused by stress concentration.
An FE model was established in Abaqus/Standard and calibrated on the basis of the
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experimental results obtained from the cyclic loading test. In the loading part, the simu-
lated force–deformation relation of the SMA ring matched the experimental results closely
within 3% difference in terms of peak force. However, in the unloading part, the FE model
did not perfectly capture the residual deformation as observed in the experiment. This was
caused by the simplification of perfect superelasticity in the material model used in the FE
simulation. The FE simulated stress results were verified by checking the equilibrium to
experimental force results, and the FE simulated strain results were verified by comparing
with experimental results from strain gages. Based on this FE model, this research also con-
ducted a parametric study on the size effects of SMA rings. Idealized tri-linear expressions
of the loading behavior of SMA rings were presented and were compared with experimental
and FE simulated results.
In conclusion, this cross-braced seismic resisting system exhibited a promising seismic
performance in terms of lateral strength, energy dissipation, damping, and re-centering
ability, although improvements were needed. This bracing system was suitable for various
structural configurations and design capacities.
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CHAPTER IV
DEVELOPMENT OF A NEW HIGH-LOADING-RATE TENSILE
TESTING SYSTEM
Since shape memory alloys are strain rate dependent materials, quasistatic testing in Chap-
ter 3 is not sufficient to fully capture the responses of SMA-based specimens under various
strain rates. Currently available techniques are able to test large-scale specimens under
quasistatic strain rates as shown in Chapter 3 and test small-scale specimens under high
strain rates using Kolsky bar tests as introduced in Section 2.4.1. However, experimental
techniques for large-scale components under intermediate strain rates are not well estab-
lished. The responses of an entire structure under high-loading-rate forces caused by blast
events can be directly assessed by actual explosive tests, although this testing method is
usually time-consuming and expensive [26]. However, the responses of a structural com-
ponent under blast loading are difficult to test in a controllable and repeatable manner.
Therefore, to understand the properties of rate-dependent materials like SMAs, a new ex-
perimental technique capable of testing large-scale specimens under intermediate strain
rates is required.
The main purpose of this new tensile testing system is to capture the responses of rela-
tively large-scale specimens when loaded in tension under intermediate strain rates. Several
design measures are adopted to handle the challenges in developing such a system. The
testing system is designed as a general testing method that is capable of testing specimens
made of not only SMAs but also other materials. Adaptivity and versatility are among the
design requirements of the testing system to ensure that this system is able to accommodate
specimens of various materials, shapes, and sizes.
The key component of this system is an inverter mechanism that inverts the impact
from a high-speed actuator into high-loading-rate tensile force which is then applied onto
specimens. Since most of the high-loading-rate tests happens in a very short period of
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time, usually less than 0.1 second, the deformation and force of specimens are monitored by
DAQ instruments including high-speed cameras and piezoelectric load cell with adequate
sampling rates.
Because the high-loading-rate testing system only has open-looped control, iterations
of trial-and-error are needed to conduct successful tests which satisfy certain targets. To
understand the characteristics and access the performances of this new high-loading-rate
testing system, this research conducts a series of validation tests on aluminum alloy speci-
mens before actually using this system to test SMAs and other rate-dependent materials.
Experimental results from these validation tests corroborate that this system is capable
of applying high-loading-rate tensile forces onto specimens and deforming the specimens
under intermediate strain rates in a controllable and repeatable manner. Responses such as
energy and impulse of the specimens are derived based on the time history of deformation
and force from the measured data. The relations between the input initial conditions, such
as the impact mass, impact velocity, and configuration of the inverter mechanism, and the
output results, such loading rate, peak force, peak deformation, and peak energy, are also
investigated to provide guidelines for adjusting initial condition for certain targets. These
relations help researchers decide how to effectively adjust the input initial conditions for
the next trial test if certain testing targets are desired.
This research also includes a finite element (FE) simulation of the new high-loading-
rate tensile testing system in Abaqus/Explicit. This FE model is calibrated based on the
comparison of simulated results and experimental results. As a result, this FE simulation
provides guidelines on adjusting the input initial conditions to meet certain testing targets.
This significantly reduces the number of experimental tests that are needed in the trial-
and-error iterations.
4.1 Introduction of the high-loading-rate tensile testing system
4.1.1 Rationale
The force and deformation responses of an SMA component can be obtained using tra-
ditional servo-hydraulic testing machines as in tests of SMA tension/compression device
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conducted by Speicher et al. [122] or using loading frames pushed and pulled by a servo-
hydraulic actuator as in the test discussed in Chapter 3. The strain rates obtained in these
tests are usually within the range of quasistatic strain rates because of the limitation in
loading speed of servo-hydraulic systems. Generally speaking, strain rates in traditional
servo-hydraulic testing system are usually below 1 s−1.
To achieve higher strain rates, Kolsky bar tests are widely utilized to characterize me-
chanical properties of materials under high speed loading [44]. As mentioned in Section
2.4.1, the specimens in these tests are generally small disks for compressive tests and small
cylinders for tensile tests. The diameters of these specimens are generally 2 to 10 mm for
typical metal materials. The time history of the average stress and strain are obtained based
on the assumption that the stress and strain are uniformly distributed along the section of
the specimens. Because of this limitation, Kolsky bar tests can only obtain the averaged
stress-strain relations for prismatic homogeneous material specimens [87]. As a result, the
force-deformation relations of non-prismatic structural components are outside the scope
of Kolsky bar tests. For example, Kolsky bar tests are not able to evaluate the differences
between SMA rings and SMA springs, test a damping device made of multiple materials,
or investigate the dynamic strength of bolted or welded connections.
Besides, the strain rates achieved in most Kolsky bar tests are usually above 100 s−1
[19]. Such results are quite valuable to the field of mechanical engineering, which focuses
on topics such as metalworking and shock-waves. However, typical components in civil
engineering usually have larger volumes compared with those in mechanical engineering.
Furthermore, most of the scenarios in civil engineering including seismic and blast events
do not generate strain rates higher than 100 s−1 [51]. As a result, a testing system that can
achieve strain rates of 1 to 100 s−1, lower than the high strain rates from Kolsky bar tests,
is very valuable to the field of civil engineering.
To accomplish this target of intermediate strain rates within 1 to 100 s−1, one method is
to improve existing servo-hydraulic techniques. Specially modified servo-hydraulic testing
machines are able to achieve strain rates higher than 10 s−1, and the velocity of the loading
grip at the moving end can reach 7 to 9 m/s [58, 129]. However, the peak forces of these
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tests are limited to approximately 5 kN. Therefore, the maximum dimensions of specimens
are also limited. These systems are ideal for small-scale specimens like metal sheets with
thickness of less than 2 mm. Because of the low force capacity, although these modified
servo-hydraulic systems can achieve higher loading rates, they are not suitable for large-
scale specimens such as rods, bars, and rings in the field of structural engineering.
In this research, an innovative high-loading-rate test system is designed, built, validated,
and calibrated to test relatively large-scale specimens under intermediate strain rates rang-
ing from 1 to 100 s−1. With proper instrumentation and competent data acquisition sys-
tem, responses of specimens under intermediate strain rates are successfully captured by
this testing system. Moreover, this system is designed for high-loading-rates tensile tests
on not only SMA materials and SMA-based components but also other structural materials
and components. For example, this system is capable of testing the pull-out strength of
reinforcements in concrete or the tensile welding strength of steel connections.
4.1.2 Overall design concept
The high-loading-rate tensile testing system is composed of five components: a high-speed
actuator with its own reaction wall, an impact mass, an inverter mechanism, a specimen
assembly, and a reaction wall to anchor the specimen assembly. DAQ instruments, including
piezoelectric load cell and high-speed cameras, are also included in the system design.
Figure 35 schematically illustrates the overall design of the testing system. On the far
left, a fixed reaction wall is post-tensioned onto the existing strong wall, and the left end
of the high-speed actuator is attached to this fixed reaction wall. On the right of the high-
speed actuator, the inverter mechanism is installed with its input end facing the high-speed
actuator and its output end connected to the specimen assembly. With one end connecting
to the inverter mechanism, the other end of the specimen assembly is anchored to a second
reaction wall, called the movable reaction wall. As the name indicated, the position of this
movable reaction wall can be adjusted by an overhead crane to meet different experimental
configurations. When a test begins, the high-speed actuator starts accelerating an impact
mass to a desired velocity. After that, the high-speed actuator decelerates and detaches
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from the impact mass, while the impact mass keeps moving until it strikes into the input
end of the inverter mechanism. Through a specially designed motion mechanism, when the
input end of the inverter mechanism moves along the direction of the impact, the output end
of the inverter mechanism moves in the opposite direction and, thus, stretches the specimen
assembly. As a result, the specimen is elongated by a high-loading-rate tensile force. By


























































Figure 35: Schematic drawing of the overall design of the high-loading-rate tensile testing
system.
4.2 Design challenges and methods
Although high-loading-rate tensile tests are important to evaluate the performances of ma-
terial specimens and structural components under intermediate strain rates, these tests are
not very common in previous research. Possible reasons include that high-loading-rate ten-
sile tests currently do not have well-established standards as quasistatic tests, and they
are generally more complicated than quasistatic tests in terms of experimental design and
instrumentation. To perform a valid high-loading-rate tensile test, several challenges are
required to be addressed properly in the experimental design.
4.2.1 Force inverter mechanism
Because of the tension-compression asymmetry of SMAs as discussed in Section 2.1.6, a
comprehensive evaluation of the properties of SMA-based components cannot be achieved
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without tensile tests. For quasistatic loading, tensile tests are generally straightforward.
In contrast, compressive tests are more complex because they are subject to the risk of
specimen buckling. However, for tests in the range of intermediate strain rates, tensile tests
are usually more complicated than compressive tests because of the requirement to invert
an impact force into a tensile force.
As discussed in Section 2.4.2, high-loading-rate tensile tests require inverter mechanisms
to invert impacts into tensile forces. A high-loading-rate compressive test can be conducted
by directly striking a mass onto the specimen. However, to conduct a high-loading-rate
tensile test, the direction of the impact force has to be inverted so that the specimen is
stretched instead of compressed. This can be achieved by using a specially designed force
inverter mechanism. For example, in the tensile Kolsky bat tests conducted by Owens and
Tippur[102], the impact mass was designed as a hollow cylinder around the incident bar.
A flange was added at the input end of the incident bar and the tensile force was achieved
by striking the hollow cylinder onto the flange of the incident bar at the direction moving
away from the specimen as shown in Figure 36.
Striker bar
Specimen
Strain gauge Strain gage
Incident bar Transmission bar
Striker tube
Specimen
Strain gauge Strain gage





Figure 36: Schematic drawings of two Kolsky testing setups: (a) a typical compressive
Kolsky bat test and (b) a tensile Kolsky test from Owens and Tippur[102]
Another example of an inverter mechanism is the two L-shaped levers with a symmetric
configuration in the high-loading-rate tensile tests conducted by Mott et al. [93]. This
mechanism converted the vertical impact from a drop weight into horizontal motions of
loading grips as shown in Figure 37. The drop weight struck onto the L-shaped levers
from above and pushed the L-shaped levers to rotate around the pivot point. As a result,
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the cables were stretched in tension. With pulleys to transform the moving directions of
the cables, the specimen was then elongated in the horizontal direction symmetrically and










Figure 37: Schematic drawings of the high-loading-rate tensile tests conducted by Mott et
al. [93]: (a) initial positions before tests and (b) positions during tests.
This type of inverter mechanism can be represented by a general design as exhibited in
Figure 38. A high-loading-rate compressive test is directly performed by striking an impact
mass onto the specimen as shown in Figure 38(a). In contrast, as illustrated in Figure 38(b),
a high-loading-rate tensile test generally needs a force inverter between the impact mass
and the specimen to invert the direction of the impact force. One of the simplest examples
of a force inverter is a lever as shown in Figure 38(c). When one end of the lever is pushed
downwards by the impact mass, the lever rotates around its pivot pin. As a result, the
other end moves upwards, inverting the direction of the force and applying a tensile force
onto the specimen.
To achieve higher loading rates from a limited impact mass with a limited striking
velocity, the inverter mechanism is preferred to be able to magnify the movement caused by
the impact. For a simple lever, this can be achieved by changing the position of the pivot
pin and, therefore, changing the ratio between the lengths of the output arm and the input
arm. Increasing the output-to-input ratio enlarges the displacement at the output end of










Figure 38: Schematic drawing of the concept of force inverters: (a) compressive test from a
direct impact, (b) tensile test using a force inverter, and (c) a simple lever as a force inverter
in a tensile test
is also required to have sufficient strength and stiffness to transfer the impact loading.
Otherwise the mechanism itself may be deformed or even damaged by the impact force
while the specimen is still stay intact. For this simple lever, which can be considered as
a beam element, the stiffness of the beam, k, decreases significantly as the length of the
output arm, L, increases. This is because the stiffness, k, is directly proportional to EI/L3,
where E is the elastic modulus of the lever material and I is the moment of inertia of the
lever section. As a result, within a reasonable range of section sizes, the ability of the lever
to magnify movements and the stiffness of the lever cannot be enhanced at the same time.
Another drawback of a simple lever is that the input impact force and the output tensile
force are not aligned along the same straight line. As shown in Figure 38(c), the impact
generates not only tensile force but also bending moment at the specimen. Although this
can be mitigated by special connections such as universal joints, this still causes challenges
in the data acquisition and interpolation since the specimens is both stretched and rotated
at the same time during the tests.
To overcome these two drawbacks, this research adopted the conceptual design for the
inverter mechanism as shown in Figure 39(a). Instead of a single beam as in the lever, the
rotating parts in this design were frames with higher strength and stiffness. The output end
of each frame was connected to a tensile link by a hinge joint and this tensile link was then
connected to the specimen. The entire inverter mechanism, with one frame and one tensile
link on each side, was symmetric to the axis which connected the center of the impacting
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mass and the center of the specimen. This symmetric configuration eliminated any bending
moment at the specimen and theoretically ensured pure tension of the specimen. As shown
in Figure 39(b), when an impact mass struck onto the input location of the frame, the frame
rotated around its pivot pin. The rotated frame then pulled the tensile link outwards in
the lateral direction. Since the two tensile links were connected together at the other end
along the symmetric axis, the specimen was then pulled by the tensile links and elongated







Figure 39: Schematic drawing of the proposed loading frame.
In this research, since the impact came from a high-speed actuator in the horizontal
direction rather than a dropped weight in the vertical direction, the inverter mechanism
was placed in the horizontal plane and directly connected to the specimen without the need
of pulleys and cables as in previous research [93].
4.2.2 Open-loop control
Generally speaking, quasistatic tests are usually controlled in a real-time closed-loop manner
while high-loading-rate tests are usually controlled in an open-loop manner. This means
that controls during high-loading-rate tests are almost impossible because of the short time
duration and the high loading rate. As a result, high-loading-rate tests are only determined
by initial conditions, such as impact mass, striking velocity, and thickness and locations of
pulse shapers such as neoprene pads.
Closed-loop control of loading rate in a quasistatic test can be analogized as driving
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an automobile vehicle to maintain a certain speed. The operator has the opportunity to
adjust the rate based on the current feedback from real-time measured data. In driving
an automobile vehicle, this means the driver can adjust the driving speed by accelerating
or braking based on the current speed read on the speedometer and the desired speed.
For example, if the current speed on speedometer is higher than the desired speed, the
operator can decelerate the vehicle by pressing the brake pedal to reduce the current speed
and make it closer to the desired speed. By the same token, the operator of a quasistatic
test can adjust the loading rate based on the feedback of the current loading speed. This
loop of reading current feedback, adjusting control, and checking feedback again is a closed
cycle and it iterates all the time during the quasistatic tests to achieve the desired constant
loading rate.
On the other hand, the control of a high-loading-rate test can be compared to shooting
a basket ball or hitting a golf ball. Once the ball is off, the operator cannot control it at all.
What the operator can control is only the initial conditions. For example, in the case of
shooting a basket, initial conditions include the location of hands touching the basketball,
the pressure from the hands, the moving speed of the elbows, etc. The feedback is the
result of this trial, and the operator has to figure out the relation between the result and
the initial conditions. Then, the operator needs to adjust the initial conditions in the
subsequent trial to get a more desired result. The cycles of getting feedback, adjusting
control, and checking feedback again are actually the iterations of one test after another.
As a result, this process is usually called an open-loop control and is usually performed
using a trial-and-error process as shown in Figure 40.
For example, to achieve a target such as a certain deformation rate or a certain maximum
deformation, the first trial test chooses guessed initial conditions. After that, the next trial
improves the initial conditions based on the experimental observations of the previous trial.
This trial-and-error process continues until the target of the tests is achieved. Although
the actual time duration of each test is very short, the test setups and the preparation
of specimens are usually time-consuming because of the large number of iterations that












Figure 40: Schematic drawing of the open-looped control of high-speed dynamic tests.
targets are not straightforward as linear functions. To figure out these complex relations,
even more iterations are required. Therefore, the number of iterations in the trial-and-error
process cannot be easily optimized.
In this research, a finite element model including the inverter mechanism and the spec-
imen assembly was simulated in Abaqus/Explicit. The actual number of tests during the
trial-and-error process was minimized because some of the trial tests were replaced with
finite element simulations. Additionally, a special connection between the inverter mecha-
nism and the specimen assembly was designed with an adjustable intended slack. Different
test conditions can be achieved by only adjusting the distance of this slack. This design of
intended slack also provided more flexibility to the initial conditions as discussed later in
Section 4.3.7.
4.2.3 Inertia effect
Unlike quasistatic tests in which stiffness of the loading mechanism is generally the only
major concern, high-loading-rate tests are also dependent on the mass and damping of the
loading mechanism. The inertia effect significantly affects the results of high-loading-rate
tests and, therefore, is no longer negligible. For instance, if the natural frequency of the
load cell itself is not high enough and its natural period is not significantly smaller than
the total time duration of the test, the measured results are possibly to be dominated
by the oscillations of the load cell itself instead of the overall responses of the specimen.
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This phenomenon is called the load ringing. To mitigate load ringing, the load cell and
the moving parts of the loading frame are required to have both high stiffness and low
self-weight.
For example, experimental results from Huh et al. [58] showed that the measured force
data from load cell were heavily affected by the self-weight and stiffness of the loading grips.
Based on the mass and stiffness, the natural frequency of each type of loading grips was
estimated. When using a heavier loading grip with a natural frequency of 2,500 Hz, the
measured force data were dominated by the oscillation of the loading grip itself. As a result,
the actual force history during the test was not captured accurately. However, by reducing
unnecessary parts of the loading grip, the mass was reduced significantly. As a result, the
natural frequency was increased to 13,000 Hz. With this loading grip, the measured data
from the load cell were improved significantly, and the load ringing phenomenon diminished
dramatically.
In this research, the moving parts of the inverter mechanism were mainly made of
aluminum 6061 alloys to maintain a relatively high strength-to-weight ratio. High-strength
bolts were also adopted to ensure adequate strength and stiffness at connections. The load
cell was a piezoelectric force sensor with higher stiffness and lower mass compared with
conventional load cells based on strain gages. These actions were expected to effectively
control the load ringing phenomenon.
4.2.4 Adaptability for various specimens
One major objective of this research is to develop a universal high-loading-rate tensile testing
system that can be applied to various types of specimens. To achieve that, the design of this
system should be adaptive enough to accommodate specimens with different sizes, shapes,
and materials. The adaptability of the testing system is established in three aspects: the
adjustable initial position of the inverter mechanism, the versatility of the loading grips,
and the flexibility in the overall test area configurations.
First of all, the initial positions of the inverter frame is adjustable to accommodate
specimens with different sizes. The locations of the two pivot columns can be adjusted
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along the direction of the symmetric axis. The inverter frames can be rotated around the
pivot columns and set to different initial angles. As a result, both limpact, which is the
distance from the impacting mass to the input end of the inverter mechanism, and lspecimen,
which is the distance from the output end of the inverter frame to the fixed reaction block,
can be adjusted. Because of this flexibility in both limpact and lspecimen, the system can have
various initial parameters to accommodate the testing requirements of various specimens.
These initial parameters include the distance for impact mass to travel, the position of the


















































Figure 41: Schematic drawing of the adaptability of the testing system.
Secondly, the system is able to accommodate various types of specimens, such as flat ten-
sile specimens, round tensile specimens, bars or rods, rings, etc. To achieve this versatility,
both the connection from the inverter frame to the specimen assembly and the connection
from the specimen assembly to the fixed support should be universal. In this research, these
two universal connections were chosen as 31.75 mm (1.25 in.) diameter threaded connections.
That is to say, various types of loading grips were designed and fabricated to accommodate
various types of specimens, as long as these loading grips had the same 31.75 mm (1.25 in.)
diameter threaded connections at both ends. The rest parts of the testing system, including
the inverter mechanism and the fixed supports, remained the same for different specimens.
Finally, the reaction wall at the fixed end of the specimen assembly is designed as a
movable modular reaction wall. This modular reaction wall consists of several identical
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concrete modular blocks which can be post-tensioned together. The height of this movable
reaction wall can be adjusted by using different quantity of modular blocks. Each of the
modular block can be moved by an overhead crane. Therefore, lspecimen can be further
adjusted by adjusting the location of the movable reaction wall.
4.3 Experimental Design
4.3.1 Overall configuration of testing area
This testing area is inside the Structural Engineering and Materials Laboratory of the
Georgia Institute of Technology. Figure 42 shows the overall configuration of the testing
area. The testing area is surrounded by polycarbonate safety walls and the operators control
the tests remotely outside the safety walls. The laboratory is also equipped with an audio
warning system and a CCTV monitoring system to ensure the safety of personnel during
tests. Detailed information about the high-loading-rate testing facilities in this laboratory
can be found in reference [126].
Both the existing strong floor and strong wall have a grid of embedded anchor points
with center-to-center distances of 1219.2 mm (4 ft). Each anchor point on the strong floor
and the strong wall has four holes to anchor 31.75 mm (1.25 inch) diameter Dywidag post-
tensioning threaded bars. The center-to-center distance of these holes inside one anchor
point is 203.2 mm (8 inch). The testing system is designed to have anchor locations matching
the patterns of these existing anchor points on the strong floor and strong wall.
4.3.2 High-speed actuator and impact mass
The impact loading in this research is generated by an ultra-fast, hydraulically drive,
computer-controlled actuator called Blast Generator (BG) [50, 127]. The existing high-
speed actuator in the Structural Engineering and Materials Laboratory of Georgia Tech is
a BG25 model, which can accelerate a 50 kg impact mass up to 34m/s.
Before a test, an impact mass was placed on top of the rails with the back surface
firmly against the pushing plate of the high-speed actuator. Once the test began, the
computer-controlled high-pressure hydraulic system of the actuator pushed a piston rod on
the backside of the pushing plate outwards and, thus, pushed the impact mass towards the
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Figure 42: Overall configuration of the test area: (a) side view and (b) plan view (units:
inch).
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inverter mechanism. At a certain time, when the impact mass reached a targeting velocity,
the actuator started to decelerate the piston rod so that the impact mass detached from
the pushing plate. After that, the pistol rod and pushing plate retracted back to initial
positions while the impact mass kept moving forward until struck onto the input end of
the inverter mechanism. After the impact, the impact mass bounced back and fell onto the
floor which was covered with a layer of sandbags. Both the impact speed and the impact
duration can be tailored by the computer-controlled system to meet the requirements of
various tests.
An adjustable impact mass composed of several modular steel blocks was used in this
research. This impact mass was adopted from previous research projects conducted by Lee
et al. [74]. As Figure 43 shows, this impact mass was composed of four types of blocks: front
block, back block, support block, and infill block. These blocks were connected together
by four 12.7 mm (0.5 inch) diameter high-strength steel threaded bars. The front ends of
these threaded bars were anchored into the threaded holes in the front block. Then these
threaded bars went through the holes in the support blocks and infill blocks and finally
anchored to external nuts inside the countersink holes of the back block. The support
blocks were 914.4 mm (36 inch) long, spanning between the rails which had a clear distance
of 838.2 mm (33 inch). As a result, the whole impact mass was able to slide on the rails
along the direction of the symmetric axis.
Figure 43: Design of the impact mass: (a) top view and (b) front view (units: inch).
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The total mass and the dimension along the moving direction of the impact mass can
be adjusted by adding or removing infill blocks. Figure 43 shows the assembly with one
infill block, which was the configuration that had the minimum mass of 87.12 kg and was
used in most of the tests. The top surface of the middle infill block had a threaded hole so
that the whole impact mass can be lifted and positioned by an overhead crane connected
to an eye bolt anchored into this threaded hole.
4.3.3 Concrete reaction walls
The two ends of the tensile testing system were anchored into two reaction walls, respec-
tively. The fixed end of the high-speed actuator was bolted to the embedded steel plates of
a fixed concrete reaction wall, which was post-tensioned onto the strong wall as illustrated
in Figure 44(a). The fixed end of the specimen assembly was bolted to an external steel
mounting plate attached to the movable reaction wall, which was composed of four con-
crete modular reaction blocks as illustrated in Figure 44(b). The 76.2 mm (3 inch) thick
external mounting steel plate was anchored to the movable reaction wall by four 31.75 mm
(1.25 inch) diameter Dywidag post-tensioning threaded bars running through the horizontal
ducts of the concrete blocks.
Figure 44: Reaction walls of the testing system: (a) view towards the front side of the fixed
reaction wall (b) view towards the front side of the movable reaction wall.
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Figure 45 shows the design and construction of an individual modular reaction block.
PVC pipes were embedded inside the concrete to work as ducts for 31.75 mm (1.25 inch)
diameter Dywidag post-tensioning threaded bars. Steel bearing plates with a thickness of
12.7 mm (0.5 inch) were also embedded in the concrete to increase the bearing strength
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Figure 45: Modular concrete reaction block: (a) isometric view of design drawing (b) block
during construction before pouring concrete.
4.3.4 Optimization of the inverter mechanism
The concept of the inverter mechanism in this research as shown in Figure 39 was similar
to the force inverter discussed by De Leon et al. [27] and Liu et al. [78]. Nevertheless,
the inverter designed in these previous research was a compliant mechanism in a very small
scale with dimensions on the order of millimeters. In contrast, the size of the inverter
mechanism in this research was in a much larger scale with dimensions on the order of
meters. The forces that need to be inverted in this research were also larger by several
orders of magnitude. Since high-loading-rate tests in this research were expected to have a
total loading time less than 0.01 s, the inverted displacement was less important than that
in the case of a compliant mechanism. On the other hand, the stiffness of the inverter in this
research was extremely important, and it must be significantly higher than the specimens
under investigation. Otherwise, the inverter mechanism itself may be deformed or even
damaged by the impact force even before it started to load the specimen. As a result of
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these differences, although the inverter mechanism in this research shared similar concepts
to the mechanism in previous studies, their design were quite different in many aspects.
To determine the optimized shape and size of the inverter frame, this research utilized
topology optimization techniques as guidelines. In short, the goal was to find an optimized
design that had the highest stiffness for a certain load. At the same time, this inverter
mechanism had to be designed within the limits of a certain geometric region and a certain
amount of material. Half of the system was utilized in the optimization problem because of
its symmetry. The design domain of this optimization problem was taken as the shaded area
in Figure 46. This design domain included a pin support near the middle of the top edge,
representing the pivot column of the rotating frame, and a hinge at the bottom right corner,
representing the tensile link connected to the output end of the rotating frame. The impact
force was applied at the top left corner as shown in Figure 46(a). Since the design objective
was the stiffness, for simplicity, the problem was converted into the equivalent problem as
shown in Figure 46(b). The applied force and a boundary condition with a single degree
of freedom were interchanged between these two cases. For an estimated elastic analysis,





Figure 46: Simplified optimization problem for the dimension of inverter frame: (a) actual
problem and (b) equivalent problem.
The 2D model of the inverter frame was meshed with PolyMesher, a MATLAB code for
polygonal mesh generation[130]. The total number of elements was chosen as 5,000 and the
volume ratio constraint was set as 0.2, which limited the maximum amount of material in
the final optimized shape. The boundary conditions and the applied load were specified to
the nodes at the related locations as shown in Figure 47(a). After that, the optimization
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was conducted in PolyTop, a MATLAB code for structural topology optimization with
a general finite element routine based on isoparametric polygonal elements [131]. The
optimized results in Figure 47(b) exhibited the characteristics of a Michell truss [53].
Figure 47: 2D optimization of the inverter frame: (a) mesh from PolyMesher and (b)
optimized result from PolyTOP
The design domain for the inverter frame was then modeled in Modified Top3D, a
MATLAB program that can find optimized structural shapes in 3D [78]. The mesh size
was chosen as 80 × 80 × 10. Since this inverter frame was designed to be fabricated with
aluminum alloy, the volume fraction could not be excessively large. Otherwise, the frame
would be too heavy and would cause problems in the process of fabrication and installation.
With consideration of the dimension restraint caused by space limitation and the density
of aluminum alloy, a volume ratio of 0.065 seemed to be a reasonable assumption. The
boundary conditions near the pin connection were applied to four nodes around the location
of the pin for each layer of nodes in the z -direction. As shown in Figure 48, the load was
only applied to the surface nodes, simulating a double-shear connection with a clevis pin
inside a hinge connection.
Figure 49 shows the passive zones defined in the design domain. To model the pivot of
the inverter frame, a passive zone was defined around the location of the pivot to simulate




























Figure 48: Mesh of the whole model in Modified TOP3D
circle of tube around the pivot. The passive-solid zone was set to occupy the entire height




Figure 49: Passive zone and passive-solid zone around the pin connection defined in Modified
TOP3D.
To make the optimization process more efficient, only the top half of the design domain
was modeled in Modified Top3D because the force inverter was also symmetric in the ver-
tical direction. Figure 50 shows the mesh of this model with constraints on z -direction to



















Figure 50: Mesh in 3D using Modified TOP3D.
The optimized results of the Modified TOP3D were then imported into TOPslicer, a
post-process tool developed in MATLAB by Zegard and Paulino [142]. Since only the top
half was modeled in Modified Top3D, the results were mirrored in TOPslicer to restore the
whole model of one inverter frame. The optimized results provided a volume ratio for each
element which indicated the amount of the material that was required inside this element
in the final optimized results. The cutoff was selected as 0.4, meaning an element which
had a volume ratio of less than 0.4 was deleted. Only elements that had a volume ratio of
more than 0.4 were kept, and all these elements formed the final shape. Figure 51 shows
the results in TOPslicer after mirroring the model.
Figure 51: Optimized result of the inverter frame from Modified TOP3D processed in
TOPslicer.
Compared with the Michell truss from PolyTop, the optimized result from Modified
Top3D was much simpler. The basic shape was a triangular truss with optimized dimensions
and angles. This may not be as efficient as the Michell truss from the point of stiffness-to-
weight ratio. However, from the point of manufacturing, this triangular truss was easier to
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construct using traditional manufacturing techniques.
The optimized results in TOPslicer were then converted into a STL file, which can be
imported into other software for further use. For example, the STL file of the optimized
force converter was imported into SOLIDWORKS and Figure 52 shows a conceptual model








Figure 52: SolidWorks model of the test device with the optimized result of force inverter.
The final shape of the inverter frame was simplified based on the above optimization
results to minimize the complexity in fabrication. As Figure 53 shows, the shape of the
inverter frame was further simplified as a triangular by removing small section braces in
the middle and changing the impact location to the joint at the corner of the triangle.
The final dimensions of this loading frame were selected based on the space limitation
of the available testing area. As shown in Figure 54, the horizontal distance between the
center of two pivot columns was selected as 2438.4 mm (96 inch), which was two times the
distance between two adjacent existing anchor plates on the strong floor.
The ability of this mechanism to magnify the movement was related to the initial setup
position of the inverter frame. In Figure 55, the angle between the initial position of
the triangular frame and the symmetric axis was denoted as β. The relation between
the amplification ratio of displacement and the angle β was evaluated by a rigid body
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Figure 55: Ratio between the output and input displacements of the loading frame assuming
rigid body motion.
motion analysis. Assuming the triangular frame and the link were ideally rigid bodies, the
ratio between the magnitude of the output and the input displacements was obtained using
motion analysis in SOLIDWORKS. As shown in Figure 55, the amplification ratio increased
as the angle β increased. When β equals zero, which meant the initial position of the short
leg of the triangular frame was perpendicular to the symmetric axis, the amplification ratio
of displacement was around 1.25. When β equaled 15◦, which was the maximum possible
value because of the restriction of available testing areas, the amplification ratio reached
around 3.5.
4.3.5 Inverter mechanism
As discussed in Section 4.2.3, the force inverter mechanism was preferred to have relatively
low self-weight to reduce inertia effect and relatively high strength and stiffness to satisfy the
performance requirement. The main material for the inverter frame was chosen as aluminum
alloy 6061 for its high strength-to-weight ratio and easy workability. The members were
designed as built-up sections with aluminum channels as web and batten plates as flanges.
The joints were designed as welded joints with aluminum gusset plates and end plates. The
members and joints were then bolted together to form the entire inverter mechanism. One
of the reasons for bolted connection between joints and members rather than a monolith
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welded connection was for easy repair or replacement. If a single joint or member was
damaged during the test, it can be replaced with a new component relatively easily. In
contrast, if the inverter frame was built as a monolith unit, the potential repair would be
quite difficult and time-consuming..
The inverter mechanism consisted of two types of components: triangular frames and
tensile links. On each side of the symmetric axis, one triangular frame and one tensile link
were connected by a double shear connection with a high strength clevis pins as shown in the
conceptual drawing in Figure 54. The other ends of the two tensile links were connected
together using a third clevis pin, which also went through the connection to specimen
assembly. The weights of a single triangular frame and a single link were 143 kg (316 lbs)
and 37 kg (82 lbs), respectively. The total weight of the entire inverter mechanism was
around 360 kg (800 lbs).
4.3.5.1 Pivot columns and foundation beams
The key part of a pivot column was a steel solid rod with a diameter of 101.6 mm (4 inch).
This rod, surrounded by four stiffeners, was perpendicularly welded onto a steel bottom
plate to ensure the longitudinal axis of the rod was as close to vertical as possible. A
25.4 mm (1 inch) thick steel flange plate with an inner diameter of 101.6 mm (4 inch) and
an outer diameter of 228.6 mm (9 inch) was welded on top of the stiffeners. The top surface
of the flange plate was machine finished to ensure it was flat and smooth. The cylindrical
surface of the top part of the pivot rod was also machine finished to provide a smooth
contact surface and, thus, minimize misalignment and reduce friction. A plastic washer was
placed on top of the flange plate to further decrease friction.
Two identical pivot columns were required with one on each side of the symmetric axis.
Bolt holes were drilled in the bottom plates of the pivot columns. Through these holes,
each pivot columns was anchored to a foundation beam. The foundation beam was built-up
I-sections with 50.8 mm (2 inch) thick flanges and web. Both of these two foundation beams
were fixed to the strong floor with Dywidag post-tensioning threaded bars. Two lines of









Figure 56: Design of the pivot column: (a) perspective view and (b) side view and plan
view (units: inch).
matched with the bolt holes on the bottom plates of the pivot columns. As a result, the
pivot column can be anchored to different sets of bolt holes, which resulted in different
locations along the symmetric axis. This corresponded to the design concept of adaptivity
as discussed in Section 4.2.4.
4.3.5.2 Triangular frames
Each triangular frame was composed of three joints and three members as shown in Figure
57. The lengths of the built-up members on three sides were 406.4 mm (16 inch), 660.4 mm
(26 inch), and 1016 mm (40 inch), respectively. The flanges of these built-up members were
152.4 mm× 12.7 mm (6 inch× 0.5 inch) aluminum batten plates. The webs were Aluminum
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Association (AA) CS 4× 2.33 channels, which had a section height of 101.6 mm (4 inch), a
section width of 57.15 mm (2.25 inch), a web thickness of 4.83 mm (0.19 inch), and a flange
thickness of 7.37 mm (0.29 inch). The batten plates and channels were welded together
along the longitudinal edges. Both ends of the built-up member had groups of bolt holes
to connect with the joints.
Joint A was designed as the pivot point of the triangular frame. As shown in Figure
58, an aluminum tube with an outer diameter of 152.4 mm (6 inch) and an inner layer of
6.35 mm (0.25 inch) thick bronze sleeve bearing was designed to rotate around the pivot
column smoothly. Two horizontal 25.4 mm (1 inch) thick gusset plates with a clear spacing
of 76.2 mm (3 inch) were welded outside of the tube. End plates with attached flange
plates and web plates were welded to the gusset plates so that the joint can be bolted to the
adjacent built-up members through the groups of holes on the flange plates and web plates.
Vertical stiffeners were welded between the gusset plates and around the outside surface of
the tube to increase the stiffness of this joint.
The rotation mechanism between Joint A and the pivot column is shown in Figure 59.
The outer diameter of the bronze bearing was machined to be slightly larger than the inner
diameter of the aluminum tube. The bronze bearing was pushed into the aluminum tube
with a servo-hydraulic testing machine. The inner diameter of the bronze bearing was then
machined to be slightly larger than the outer diameter of the steel rod so that the tube
can rotate around the rod smoothly without any considerable swaying or shaking. Grease
fittings were added to the tube so that grease can be injected into the contacting surfaces
between the bronze bearing and the steel rod. The friction around this rotation joint was
well controlled by the precise match of machined surfaces and the additional lubricant
provided by grease fittings.
Joint B was designed as the input end of the triangular frame. During tests, the impact
mass directly struck onto this joint. As shown in Figure 60, an aluminum plate with
dimensions of 254 mm × 177.8 mm × 25.4 mm (10 inch × 7 inch × 1 inch) was the actual
impact location. Between two 25.4 mm (1 inch) thick gusset plates, two 25.4 mm (1 inch)




Figure 57: Design of the triangular frame of the inverter mechanism: (a) perspective view











Figure 58: Design of Joint A of the inverter mechanism: (a) perspective view and (b) top
view (units: inch).
Figure 59: Design of the rotation mechanism between Joint A and pivot column (units:
inch).
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Figure 60: Design of Joint B of the inverter frame: (a) perspective view and (b) top view
(units: inch).
Joint C was designed as the output end of the triangular frame. This joint was con-
nected to the tensile link through a double shear connection with a clevis pin. Additional
cheek plates were added around the pin hole to increase the contact area and connection
strength. The pin connections also had bronze sleeve bearings and grease fittings similar to
the rotating tube in Joint A. Bolt holes for safety cables were added to each gusset plate of
this joint.
A typical connection between a joint and a built-up member is shown in Figure 62. The
web plate of the joint was inserted into the middle opening of the built-up member. Then
the web plate of the joint and the web of the built-up member were bolted together. After
that, two splice plates were bolted onto both sides of the flanges.
4.3.5.3 Link members of the inverter mechanism
Each tensile link of the inverter mechanism was an aluminum built-up member with pad-eye
plates at both ends. As shown in Figure 63, the flange and web of the built-up member
were 152.4 mm× 25.4 mm (6 inch× 1 inch) plates and 7.62 mm× 101.6 mm (3 inch× 4 inch)
rectangular tube, respectively. Each end of this built-up member was welded to a 25.4 mm



















Figure 62: Typical connection between a frame joint and a frame member
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plate also had bronze sleeve bearing and grease fitting. The centered pad-eye on the left
side as shown in Figure 63 was the one connected to output end of the triangular frame
while the eccentric pad-eye plate on the right side was the one connected to the input end of
the specimen assembly. That is to say, during installation, the centered pad-eye plate was
inserted into the middle of the two gusset plates of Joint C, and the two eccentric pad-eye









Figure 63: Design of the tensile link: (a) perspective view and (b) side view and section
view (units: inch).
4.3.5.4 Roller supports
The self weight of the inverter mechanism was supported by six legs made of aluminum
rectangle tubes. As illustrated in Figure 64, each leg was composed of three parts: a top
connection, a main tube, and a bottom roller. The top connection was welded to the bottom
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surface of the gusset plates of the joints. The 63.5 mm× 63.5 mm (2.5 inch× 2.5 inch) main
tube was then bolted to the top connection. The bottom of the main tube was welded to
an end plate with a through threaded hole. A stud-mounted ball transfer was threaded into
this threaded hole. As a result, this leg can work as a roller support. By turning the ball
transfer inwards or outwards of the threaded hole, the total height of this roller support






Figure 64: Design of the roller support: (a) perspective view and (b) side view (units: inch).
4.3.5.5 Assembly of the inverter mechanism
Figure 65 shows the final assembly of the inverter mechanism including two foundation
beams, two pivot columns, two triangular frames, two tensile links, and six roller supports
in a symmetric configuration. The centered pad-eye plates of the tensile links were inserted
between the gussets plates of Joint C to form double shear connections. The eccentric
pad-eye plates of the tensile links were placed in an asymmetric pattern with a gap in the
middle for the input end of the specimen assembly to insert in. Each joint had its own










Figure 65: Assembly of the inverter mechanism.
4.3.6 Specimen assembly
The specimen assembly was composed of four parts: an universal ball joint connector, a
sliding rail, a support of the rail, and a pair of loading grips to hold the specimens. As
discussed in Section 4.2.4, the design of the specimen assembly was required to accommodate
various types of specimens. For different types of specimens, only the loading grips needed
to be modified. The rest of the assembly were universal for specimens of various materials,
shapes, and sizes.
4.3.6.1 Ball joint connector
The ball joint connector attached the output end of the inverter mechanism to the input
end of specimen assembly. As shown in Figure 66, two aluminum blocks were connected
together by two 19.05 mm (0.75 inch) diameter threaded bars. At one side, a ball joint
rod end was inserted through the center hole of the input block and anchored by a nut.
The pin hole of the ball joint rod end had an inner diameter of 50.8 mm (2 inch). At the
other side, similarly, a 31.75 mm (1.25 inch) diameter threaded bar was inserted through
the center hole of the output block and anchored by a nut. The far end of this 31.75 mm
(1.25 inch) diameter threaded bar was connected to a piezoelectric load cell, which had
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31.75 mm (1.25 inch) diameter threaded holes at both ends.
Ball joint rod end








Figure 66: Design of the ball joint connector: (a) perspective view and (b) side view and
top view (units: inch).
The connection also included an intended slack distance between the right surface of the
nut for the threaded bar connecting to the load cell and the left surface of the output block
as Figure 66(b) shown. The main purpose of this intended slack distance was to provide
more flexibility in the testing setups as discussed in Section 4.2.4 and to achieve a more
constant loading rate as discussed later in Section 4.3.7.
Each lateral surface of the output block was mounted with a 12.7 mm (0.5 inch) thick
aluminum side plate. The outer surface of the side plate was then fully covered with a piece
of low-friction plastic sheet.
4.3.6.2 Sliding rail
To ensure the specimens were stretched along the longitudinal direction without significant
amount of bending moment or torsion, a sliding rail was designed to confine the movements
of the ball joint connector. The bottom rail was a T-shaped steel plate with a piece of
low-friction plastic sheet attached on its top surface. Two vertical steel plates were welded
perpendicularly to the T-shaped plate as lateral rails. With two stiffeners connecting the
top of these two vertical plates, a hollow box shape was formed. The ball joint connector
fit inside this hollow box and slid against the plastic sheet on the T-shaped plate and the
two lateral plates. Both vertical and lateral movements of the ball joint connector were
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confined, and, theoretically, the only degree of freedom was along the longitudinal axis of




Figure 67: Design of the sliding rail of specimen assembly: (a) perspective view and (b) top
view (units: inch).
4.3.6.3 Rail support
A stationary support, as shown in Figure 68, was fabricated to firmly bracing the sliding
rail. This support worked as a cantilever beam with the fixed end bolted to the external steel
mounting plate and the free end bracing the sliding rail. Each of the cantilever components
was a 101.6 mm × 101.6 mm × 12.7 mm (4 inch × 4 inch × 0.5 inch) steel angle which had
enough strength and stiffness to restrain both movement and rotation of the sliding rail.
A line of bolt holes was drilled on the top flange of each angle to match the hole patterns
on the T-shaped plate of the sliding rail. The position of the sliding rail can be adjusted
along the longitudinal axis by connecting to different group of bolt holes. This design
feature also provided further flexibility to lspecimen as mentioned in Section 4.2.4.
4.3.6.4 Loading grips
As mentioned before, the specimen assembly can accommodate various specimens by only
changing the loading grips as long as the loading grips had the same 31.75 mm (1.25 inch)





Figure 68: Design of the rail support: (a) perspective view and (b) top and front view
(units: inch).
bolted flat tensile specimens were utilized in the validation tests of the system, the cor-
responding load grips were designed as shown in Figure 69 with a 31.75 mm (1.25 inch)
diameter threaded blind hole at the end. The specimen was bolted to the main aluminum
block with a 12.7 mm (0.5 inch) diameter high-strength bolt with a washer plate on the
other side of the specimen. Two additional bolts, connecting the washer plate and the main
block, reduced the stress concentration around bolt holes.
1.25 inch diameter
threaded bar 0.5 inch diameter
bolt hole
(a) (b)
Figure 69: Design of the loading grip for bolted flat specimens: (a) perspective view and
(b) top and side view (units: inch).
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4.3.6.5 Installation of the specimen assembly
Figure 70 shows the whole specimen assembly after installation of all parts. The fixed parts
included the rail support bolted to the external mounting plate, the sliding rail bolted to
the rail support, and one loading grip fixed to the external mounting plate. The moving
parts included the ball joint connector, the load cell, and the other loading grip installed
between the load cell and the specimen. During tests, all fixed parts theoretically remained













Figure 70: Specimen assembly: (a) top view and (b) perspective view.
4.3.7 Adjustable intended slack distance
The main purpose of adding an intended slack into the specimen assembly is to achieve a
more constant loading rate and to provide more flexibility in testing setups. The demand
of a nearly constant loading rate indicates that the loading grip at the moving end needs
to travel at a nearly constant velocity. To achieve a certain high velocity corresponding to
a certain strain rate, the loading grip has to be accelerated from an initial zero velocity
to that target high velocity. During the time of this acceleration, the loading grip already
starts to move, and the specimen already starts to deform. However, the loading rate is
still relatively low since the loading grip has not reached the targeting velocity yet. As
104
a result, the beginning part of the deformation of the specimen occurs under a relatively
low loading rate. After the loading grip has been fully accelerated, the later part of the
deformation occurs under a relatively high loading rate. Therefore, the loading rate of the
specimen is not constant. To mitigate this drawback, an intended slack is incorporated into
the connection as shown in Figure 66 and Figure 71.
Figure 71: Mechanism of intended slack: (a) ball joint connector started to move, (b) ball
joint connector moved freely through the slack distance, (c) ball joint connector engaged
with the input nut, and (d) loading grip at moving end started to move.
Figure 72 schematically shows the movement of the components on the two sides of
the intended slack: ball joint connector on one side and load cell plus loading grips on the
other side. Time t0 is defined as when the impacting mass hits the input end of the loading
frame. At time t1, the output end of the loading frame starts to move and the ball joint
connector, which is connected to the output end, starts to be accelerated from zero velocity.
Between time t1 and t2, the ball joint connector moves freely since the output block is not
engaged to the input nut of the load cell with the intended slack in between. The ball joint
connector keeps being accelerated and reaches a relatively high velocity after traveling the
full distance of the slack. At time t2, the ball joint connector contacts with the input nut





























Figure 72: Schematic drawing of the change of velocity of ball joint connector and the
loading grip at moving end.
because the ball joint connector is traveling at a high velocity and is striking onto the input
nut, the specimen is being stretched at a relatively high initial loading rate instead of slowly
accelerated from zero. Eventually, the connector and the load cell reach the same velocity
and travel together until the specimen is loaded to its peak deformation.
This design of this intended slack distance also increases the flexibility of the tensile
testing system. By adjusting the distance of this slack, the velocity at which the ball joint
connector impacts onto the input nut changes accordingly. As a result, the loading rate of
the specimen can be controlled by just adjusting the slack distance without changing other
parts of the system. If needed, soft materials such as copper and rubber can also be placed
inside the gap to tailor the duration time of the impact between the ball joint connector
and the input nut.
4.3.8 Test instrumentations
The displacement, velocity, pressure, and the impact force of the high-speed actuator were
monitored by its own instrumentation system consisting of position transducers, stroke
transducer, pressure transducers, and accelerometers [127]. Additional instrumentation
were added to measure the response of the specimen.
The deformation of the specimen was measured by high-speed cameras. A typical test
utilized two high-speed cameras: Miro M310, which captured the response of the specimen
assembly, and Miro C110, which captured the movements of the impact mass. The sampling
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rates of Miro M310 and Miro C110 were set as 4100 fps and 1200 fps, respectively. The
captured video were then post-processed by motion tracking software to reconstruct the
displacement time history of the targets attached onto the impact mass and specimen
assembly.
The force of the specimen was measured by a piezoelectric PCB 227C load cell. The
maximum tensile capacity of this load cell was 133.4 kN (30 kip). A Synergy P portable
data acquisition system with a maximum sampling frequency of 2 MHz was connected to the
load cell. In this research, the sampling rate of the load cell was set as 500 kHz. The cameras
and the load cell were activated by the same trigger so that the measured deformation and
force results were synchronized with the same elapsed time.
4.4 Fabrication and installation
4.4.1 Fabrication of individual components
Figure 73: Photos of individual components of the inverter mechanism under fabrication.
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All the structural components were fabricated at the machine shop of the School of
Civil and Environmental Engineering at Georgia Tech. Aluminum plates were cut and
drilled by a water jet as shown in Figure 73(a). All contact surfaces were machined to a
snug fit to reduce friction and minimize misalignment as much as possible. For example,
Figure 73(b) shows the rotation mechanism between the aluminum tube of Joint A and the
steel pivot rod. When welding Joint A together as shown in Figure 73(c), a dummy rod
was inserted into the bronze bearing as a template to reduce potential dimension changes
caused by temperature effects of welding. Figure 73(d) shows the completed joints with
bronze bearing, top connection of roller supports, and custom-made clevis pins attached.
4.4.2 Installation of the system
Figure 74: Photo of the whole testing system after assembly and installation.
The components were assembled on site of the testing area as shown in Figure 74 and
Figure 75 . Two safety cables were installed to limit the maximum movement of the mech-
anism. Each cable was connected to Joint B at one end and a fixed steel beam anchored
to the strong floor at the other end. The safety cables had enough slack so that they did
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Figure 75: Overall configuration of the high-loading-rate tensile testing system installed in
the testing area: (a) side view and (b) plan view (units: inch).
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not provide any resistance during tests. However, if excessive displacement happened in
the inverter mechanism, the safety cables would engage and provide additional reaction
force to the system. Sand bags were placed around the foundation beams and below the
impact mass rails to mitigate the potential damage caused by the dropping impact mass.
High-speed cameras and additional lighting were mounted onto tripods on the side of the
inverter mechanism and specimen assembly.
Figure 76: Photos of the testing system during and after installation
As shown in Figure 76(a), the pivot columns were leveled by shims and washers to
ensure that the rotation plane of the inverter frames was as close to the horizontal plane
as possible. Neoprene shim plates were also inserted between Joint A and the flange plate
of the pivot column to adjust height of the inverter frame. Ball transfers at the bottom of
the roller supports were adjusted by threading in-to or out-of the end plate to match the
final height of the inverter frame. Figure 76(a) also shows the stainless steel sheet with
lubricant attached to the floor under each roller support to reduce friction. Safety cable
was connected to Joint B through a shackle and an eye bolt as shown in 76(a). Both the
impact plate of Joint B and the front surface of impact mass were covered with neoprene
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pads as shown in Figure 76(b). The purposes of attaching neoprene pads were to avoid
direct impact between metal materials and adjust the time duration of the impact loading.
The ball joint connector inside the sliding rail is shown in Figure 76(c). Grease lubricant
was applied onto the plastic sheet on the T-shaped plate of the sliding rail and on the side
of the ball joint connector. Figure 76(d) shows the specimen assembly with an aluminum
bolted flat tensile specimen installed.
4.5 Validation tests
The high-loading-rate tensile testing system was validated and calibrated before actual
tests on SMA-based components. Several aluminum specimens were tested to assess the
performance of this new testing system. The instrumentation and the data acquisition
system were also examined in these validation tests. The behaviors and responses of the
testing system obtained in the validation tests were then used as the benchmark in the
calibration of a finite element simulation discussed in Section 4.6.
4.5.1 Experimental design of the validation tests
Aluminum bolted flat tensile specimens were used in the validation tests. All specimens
were cut from one aluminum 6061 alloy plate with a thickness of 12.7 mm (0.5 inch) by a
water jet. As Figure 77 shows, the gage length of the specimen was 76.2 mm (3 inch), and
the cross section of the specimen was 12.7 mm × 12.7 mm (0.5 inch × 0.5 inch).
Figure 77: Design of the aluminum tensile specimen used in validation tests (units: inch).
A total of five specimens were tested using the new high-loading-rate tensile testing
system in six tests. The specimen in the first test was repeatedly used in the second test.
Impact mass, impact velocity, and slack distance were the three key parameters of initial
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conditions. These input parameters for all the tests are listed in Table 3. The test numbers
were named based on initial conditions. The first upper case letter, A, B, and C, represented
three combinations of impact mass and impact velocity. The following lower case letter, a
and b, represented different slack distances under the same impact mass and impact velocity.
Table 3: Initial conditions of validation tests on aluminum specimens.
Test No. Impact mass (kg) Targeting impact velocity (m/s) Slack distance (mm)
A-0 139.82 5.0 12.7
A 139.82 5.0 12.7
B-a1 87.12 5.0 12.7
B-a2 87.12 5.0 12.7
B-b 87.12 5.0 6.35
C 87.12 7.0 0
4.5.2 Experimental results of the validation tests
For each test, deformation, force, energy, and impulse were obtained from measured results.
The methods of processing and interpolating test results were introduced step by step for
Test A-0 and Test A. The results for rest of the tests were handled with the same methods.
4.5.2.1 Experimental results of Test A-0
Test A-0 was the first shake down test of the new testing system. Since the performance
and response of the inverter mechanism were untested, excess safety measures were taken to
protect both personnel and instruments. The PCB 227C piezoelectric load cell was replaced
with a high-strength steel threaded bar with similar length to avoid potential damage to the
load cell. That was possible if the force transformed from the inverter mechanism reached
beyond the load cell’s maximum capacity, which was 133.4 kN (30 kip). The Miro M310
camera was fastened to a tripod that was safely attached to a scissor lift, which can be
operated remotely on the ground. Before the test, the scissor lift raised the camera above
the top of the safety wall, from where the camera monitored the overall movement of the
inverter mechanism. The Miro C110 camera was positioned on the side of the specimen
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assembly to capture the displacements of the loading grips.
Figure 78: Displacement of targets in Test A-0 in captured high-speed video: (a) before
test and (b) when specimen reached its maximum deformation.
Before testing, 25.4 mm (1 inch) diameter targets were attached onto each loading grip.
From the video captured by the Miro C110 camera, the displacements of the targets were
obtained using Pro-Analyst motion analysis software. Figure 78 shows the frames from the
video captured by the Miro C110 camera. Red dashed reference lines were added to exhibit
the movement of the targets on the loading grips. Clearly visible movement of the loading
grip at the moving end was observed.
The deformation of the specimen was calculated as the displacement of the input load-
ing grip minus the displacement of the output displacement as plotted in Figure 79. The
maximum deformation of the specimen was 3.57 mm, and the residual deformation after the
peak deformation was around 1.5 mm. Because the specimen assembly was connected to
the external mounting plate by a nut on the back of the mounting plate, only the movement
away from the mounting plate was restricted. As a result, after the specimen reached its



























Loading grip (moving end)
Loading grip (fixed end)
Deformation of specimen
Figure 79: Displacement of the loading grips and deformation of specimen in Test A-0.
of movement, and struck back onto the mounting plate. That bouncing back and impacting
onto the mounting plate corresponded to the increasing negative displacement of the loading
grips from time 0.16 s to 0.25 s. After the specimen assembly impacted onto the mounting
plate, it bounced back again, moved away from the mounting plate, and eventually stopped.
These corresponded to the decreasing negative displacement from time 0.25 s to the end of
the test.
Figure 80 shows the deformation time history of the specimen during loading and un-
loading. The deformation result had a frequency of 1,200 s−1 because the video was taken
by the 1,200 fps Miro C110 camera. Therefore, the time interval ∆t of the displacement
time history was 1/1,200 s, which equaled 0.00083 s.
The dashed line in Figure 80 was the linear regression result of the loading part. As this
line shows, the loading part had a nearly constant deformation rate u̇ of 1,320 mm/s. The
intended 12.7 mm (0.5 inch) slack distance was effective in obtaining a constant loading
rate. Since the gage length L of the specimen was 63.5 mm (2.5 inch), the average nominal





1, 320 mm· s−1
63.5 mm
= 20.8 s−1 (63)




























Figure 80: Deformation of the specimen in Test A-0.
1 to 100 s−1.
4.5.2.2 Experimental results of Test A
Base on the results of Test A-0, it was reasonable to assume that the force during the test
was under 133.4 kN (30 kip), which was the maximum allowable force of the PCB 227C
piezoelectric load cell. Therefore, the load cell was installed onto the system for Test A.
Camera Miro M310, which had a higher sampling rate of 4,100 fps, was set to capture the
response of the specimen assembly. The other camera, Miro C110, with a lower sampling
rate of 1,200 fps, was relocated to monitor the movement of the impact mass.
With the same method as Test A-0, the deformation of the specimen in Test A was
obtained from the video captured by Miro M310 camera. Because of the switch in cameras,
the sampling rate of the deformation was increased from 1,200 fps in Test A-0 to 4,100 fps
in Test A. The time interval ∆t for Test A was decreased to 2.44 × 10−4 s accordingly. As
shown in Figure 81, the deformation rate of the specimen is 1, 423 m/s corresponding to an
average strain rate of 22.4 s−1.
The sampling rate of the PCB 227C load cell was set at 50 kHz. The measured force
results are shown in Figure 82. To remove the noise in the measured data caused by high
frequency oscillations, the force data was filtered with a low pass Butterworth filter. The




























Figure 81: Deformation of the specimen in Test A.
manufacturer of the piezoelectric load cell. Figure 82 demonstrates that the filter effectively






















Figure 82: Unfiltered and filtered force results in Test A.
The camera and the load cell were controlled by the same DAQ system, and their
measured results were synchronized to the same elapsed time. As a result, the deformation
and the force of the specimen at each corresponded time point were obtained. Figure 83
shows both the deformation and the force time history in the same plot. The deformation
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and force both increased from zero to peak values approximately in constant rates. After
that, the force decreased back to zero again with some oscillations. Because the specimen
was loaded beyond its yield strain, plastic deformation had already developed. Rather than
decreased all the back to zero, the deformation only dropped back to the value of residual































Figure 83: Force and deformation time history of the specimen in Test A.









The calculated energy and impulse of the specimen in Test A are plotted in Figure 84(a)
and Figure 84(b), respectively.
As shown in Figure 84(a), the energy increased from zero at 0.1436 s, when the specimen
started to deform, and reached to peak energy at 0.1468 s, when the specimen reached its
peak deformation. After that, energy decreased from its peak value of 121 kN·mm to a
steady value of 72 kN·mm, which was the remaining plastic energy that was absorbed by
the specimen. The difference between the peak energy of 121 kN·mm and the plastic energy























































Figure 84: Energy and impulse time history of the specimen in Test A.
As shown in Figure 84(b), because impulse was calculated as the intergration of force,
the impulse started increasing when the force of the specimen started to increase at 0.1436 s
and reached its peak value of 0.334 kN·s when the force dropped back to zero at 0.1525 s.
After that, the impulse decreased and eventually dropped back to zero.
4.5.2.3 Experimental results of Test B-a1 and B-a2
As shown in Table 3, Test B-a1 and B-a2 had identical initial conditions, including impact
mass, impact velocity, and slack distance. Compared with Test A, Test B-a1 and B-a2 had
a reduced impact mass. Other initial conditions were all the same as Test A. Figure 85 and
Figure 86 show the deformation, force, energy, and impulse results of Test B-a1 and Test
B-a2, respectively.
In Test B-a1, the specimen started to deform at 0.1562 s and reached its peak deforma-
tion of 2.57 mm at 0.1602 s. Tensile force and energy also reached their peak values at this
time. The peak force was 53.46 kN, and the peak energy was 65.07 kN·mm. After that,
the deformation declined to a permanent residual deformation of 0.85 mm, and the energy
dropped to plastic energy of 15.5 kN·mm, both at 0.1656 s. At that time, the tensile force
dropped back to zero, and the impulse reached its peak value of 0.258 kN·s. After that, the









































































































Figure 85: Experimental results of Test B-a1: (a) deformation, (b) force, (c) energy, and





































































































Figure 86: Experimental results of Test B-a2: (a) deformation, (b) force, (c) energy, and
(d) impulse of the specimen.
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In Test B-a2, the specimen started to deform at 0.1468 s. However, the force did not
increase at that time, indicating that this deformation was related to the closing of some
initial gaps caused by misalignment in the test setups of the specimen assembly rather
than the deformation of the specimen itself. At 0.1556 s, force started to increase, and the
specimen started to be loaded. The specimen reached a peak force of 58.49 kN at 0.1574 s.
The deformation reached its peak value of 2.83 mm, and the energy reached its peak value
of 65.07 kN·mm, both at 0.1583 s. Then the tensile force dropped back to zero, and the
impulse reached its peak value of 0.261 kN·s, both at 0.1636 s. The deformation declined
to a permanent residual deformation of 0.39 mm, and the energy dropped to plastic energy
of 30.8 kN·mm.
4.5.2.4 Experimental results of Test B-b
As shown in Table 3, Test B-b1 had the same impact mass and impact velocity as Test B-
a1 and B-a2. However, the slack distance of Test B-b was reduced to 6.35 mm (0.25 inch).
Figure 87 shows the results of Test B-b.
In Test B-b, both the deformation and the force started to increase at 0.1536 s. The
deformation reached its peak value of 2.78 mm, and the energy reached its peak value of
83.05 kN·mm, both at 0.1568 s The force reached its peak value of 56.34 kN at 0.1564 s.
The deformation then declined to its permanent residual value of 1.40 mm, and the energy
dropped to plastic energy of 51.2 kN·mm, both at 0.1618 s. Around that time, tensile force
dropped back to zero, and the impulse reached its peak value of 0.283 kN·s.
4.5.2.5 Experimental results of Test C
For Test C, the impact velocity was increased to 7.0 m/s and the slack distance was de-
creased to zero. The impact mass was the same as Test B-a1, B-a2, and B-b. Figure 88
shows the results of Test C.
In Test C, the deformation started to increase at 0.1221 s while the force started to
increase before the time 0.12 s. That was because Test C had zero slack distance and the
increase of displacement at the very beginning was slower than previous tests with slack







































































































Figure 87: Experimental results of Test B-b: (a) deformation, (b) force, (c) energy, and (d)












































































































Figure 88: Experimental results of Test C: (a) deformation, (b) force, (c) energy, and (d)
impulse of the specimen.
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specimen reached its peak force of 91.39 kN at 0.1267 s and reached its peak deformation of
3.09 mm and peak energy of 91.39 kN·mm both at 0.1276 s. The deformation then declined
to its permanent residual value of 2.12 mm, and the energy dropped to plastic energy of
63.2 kN·mm. At the time 0.1326 s, tensile force dropped back to zero, and the impulse
reached its peak value of 0.341 kN·s.
4.5.2.6 Summary of the experimental results
The test results of these validation tests showed the same pattern. Both deformation and
force started to increase and reached peak values roughly at the same time. Energy also
reached its peak value at that same time as deformation. After that, deformation and
energy started to decline until reached their permanent residual values. At that time, force
dropped back to zero, and the impulse reached its peak value. Then force, deformation, and
energy remained the same while the impulse started to decline until it eventually decreased
to zero.
The results of all five validation tests are listed in Table 4.
Table 4: Summary of experimental results of validation tests.
Test result Symbol Unit A B-a1 B-a2 B-b C
Peak deformation utotal mm 3.61 2.57 2.83 2.78 3.09
Residual deforma-
tion
up mm 2.05 0.85 0.39 1.40 2.12
Deformation rate u̇ mm/s 1423 904 1122 1081 640
Peak force Pmax kN 66.36 53.46 58.49 56.34 53.23
Peak impulse Imax kN·s 0.334 0.258 0.261 0.283 0.341
Peak energy Etotal kN·mm 120.75 65.07 78.48 83.05 91.39
Plastic energy Ep kN·mm 72.0 15.5 30.8 51.2 63.2
Elastic energy Etotal − Ep kN·mm 48.75 49.6 47.7 31.85 28.19
4.5.3 Validation of the experimental results
The experimental results from different instruments were compared with each other to verify
the accuracy of measurements. The measured responses of the specimen were also compared
with theoretical estimation to validate the experimental design of this new testing system.
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4.5.3.1 Validation of the impact velocity measurement
Two 12.7 mm (0.5 inch) targets were attached onto the lateral surface of the support blocks
of the impact mass. The impact velocity was verified by the displacement time history of
these targets obtained from the high-speed camera video. Figure 89 shows the frames of
the moving impact mass during tests.

























Figure 90: Displacement of the impact mass in Test B-a1, B-a2, and B-b.
Figure 90 shows the measured displacement of the impact masses of Test B-a1, B-a2,
and B-b1 with synchronized time. The impact velocities from the videos were close to the
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target velocity 5 m/s, which is also shown in Figure 90 as a solid line. This comparison
shows that the high-speed actuator generated desired impact velocity in a controllable and
repeatable manner.
4.5.3.2 Validation of the residual deformation
The residual deformation measurements were validated by measuring the deformed speci-
mens after tests. For example, in Test A, the residual deformation obtained from the motion
tracking results of high-speed video was 2.05 mm. This was confirmed by measuring the
increased length of the specimen after test as shown in Figure 91.
Figure 91: Photo of the comparison between an untested specimen and the specimen tested
in Test A.
4.5.3.3 Validation of stress-strain results
Assuming the stress and strain were uniformly distributed along the section area and the
gage length of the specimens, from the measured deformation, u, and force, P , the nominal











The nominal stress and strain relations from Test A, Test B-a1, Test B-a2, and Test
B-b are plotted in Figure 92 with average nominal strain rates labeled. Because of the
oscillation of force data at the beginning portion of the loading process, the stress-strain
curve at the beginning also oscillated around the actual value. Based on the assumption that
the material was in the linear elastic range when the strain was very low, the stress-strain at
the very beginning can be re-constructed by elongation of the stress-strain curve back from
high strain range. These re-constructed linear stress-strain relations are shown as dotted
lines in Figure 92. Each specimen was elongated under a constant loading rate. Because the
elastic modulus was related to the loading rate, a constant loading rate indicated a constant
elastic modulus. Therefore, the assumption that stress-strain around the very beginning




























Figure 92: Nominal stress and strain results obtained in Test A, B-a1, B-a2, and B-b.
From Figure 92, the elastic modulus and the 0.2% offset yield strength were calculated
and were listed in Table 5. Although the differences in average nominal strain rates were
not significant, the yield strength still showed the tendency to increase as the strain rate
increased. Aluminum 6061 alloy has a nominal elastic modulus of 68.95 GPa (10,000 ksi)
and a nominal yield strength of 275.79 MPa (40 ksi). Compare with quasistatic nominal
material properties, the elastic modulus under intermediate strain rates were significantly
higher. The yield strength also increased when the loading rate increased from quasistatic to
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Table 5: Elastic modulus and yield strength results from validation tests.
Test Average nominal strain rate Elastic modulus 0.2% offset yield strength
(s−1) (GPa) (MPa)
Test A 22.4 139.99 329.9
Test B-a2 17.7 100.21 308.9
Test B-b1 17.0 109.31 327.2
Test B-a1 14.2 125.35 281.5
intermediate strain rates. For example, in Test A, the elastic modulus was 103% more than
the quasistatic elastic modulus while the yield strength was 20% more than the quasistatic
nominal yield strength. This increase in yield strength confirmed with the adoption of
dynamic increase factor (DIF) in current blast design [100].
4.5.3.4 Validation of energy results
Energy results from experimental data were verified with theoretical estimations. The total
energy density and plastic energy density were estimated from measured deformation and
nominal material properties.
For example, in Test A, the peak total deformation utotal was 3.61 mm and the residual
plastic deformation up was around 2.05 mm as shown in Figure 83. Therefore, the total
















The nominal elastic modulus and yield strength of aluminum 6061 alloy were estimated






Assuming the stress-strain behavior of aluminum 6061 alloy was a elastic-perfectly plas-










(275.8 MPa)(0.0040) + (275.8 MPa)(0.0569 − 0.0040)
= 15.127 × 10−3 J
mm3
(71)
The plastic strain energy was estimated as
ep = σyεp
= (275.8 MPa)(0.0323)
= 8.903 × 10−3 J
mm3
(72)




8.903 × 10−3 J
mm3
15.127 × 10−3 J
mm3
= 0.589 (73)
This theoretical estimation was then compared with the experimental results. From
Figure 84(a), the total energy Etotal was 120.75 kN·mm, and the plastic energy Ep was







The plastic to total energy ratios from theoretical estimation and experimental results
matched each other within 1.2% difference. Using the same method, the theoretical esti-
mated ratio of strain energy ep/etotal and the experimental ratio of energy Ep/Etotal were
calculated for each test. As shown in Figure 93, the experimental ratios were close to their
corresponding theoretical ratios, indicating that the measured experimental results were
reasonable from the aspect of energy.
4.5.4 Effect of initial testing conditions on test results
The investigation of the relations between initial test conditions and final test results can
provide deeper understanding of the testing system and better guidelines on the decisions
of test conditions in future tests. For example, if a certain target of peak deformation needs
to be achieved while the current test result has a lower peak deformation than that certain
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Test B-b Test C
Figure 93: Ratio of plastic energy to total energy from validation tests.
target, guidelines on how to adjust initial conditions are certainly needed. These guidelines
reduce the number of iterations in the trial-and-error process because the subsequent test
is selected to be on the direction towards that certain target rather than just selected as a
random guess.
The initial conditions were determined by three input parameters: impact mass, impact
velocity, and slack distance. The input impulse, Iinput, and input energy, Einput, were
calculated directly from the impact mass, mimpact, and impact velocity, vimpact as follows:






Since Test B-a1 and B-a2 had the same initial conditions, their results were averaged as
Test B-a. The initial conditions of the tests are listed in Table 6.
4.5.4.1 Deformation
Deformation results of all validation tests were plotted in Figure 94. Time zero was the time
when the high-speed actuator started to launch the pushing plate. The specimen in Test C
started to deform the earliest because Test C had the highest impact velocity. Therefore,
the impact mass in Test C took the least amount of time to travel across the length of the
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Table 6: Input impulse and energy of validation tests.
Test No. Impact mass Impact velocity Slack distance Input impulse Input energy
(kg) (m/s) (mm) (N·s) (N·m)
A 139.82 5.0 12.7 699 1748
B-a 87.12 5.0 12.7 436 1089
B-b 87.12 5.0 6.35 436 1089
C 87.12 7.0 0 523 1568
rail and strike into the inverter mechanism. Additionally, Test C had a zero slack distance





























Figure 94: Compare of deformation in the validation tests.
Test A, B-a1, B-a2, and B-b had similar impact velocities so they had similar elapsed
time when the impact mass struck the inverter mechanism. However, since Test A had a
larger impact mass and, thus, larger impulse, the rotation and movements of the inverter
mechanism in Test A were faster, and the ball joint connector started to move earlier.
Therefore, Test A had an earlier t1 than Test B-a1, B-a2, and B-b, where t1 was the time
when ball joint connector started to move as defined in Figure 71. That explained why the
specimen in Test A started to deform after Test C but before the rest of the tests.
129
For the rest of the three tests, since they had the same impact mass and impact velocity,
they all had similar t1. However, t2, the time when the loading grip at the moving end
started to move as defined in Figure 71, of Test B-b was earlier than that of Test B-a1 and
B-a2 because Test B-b had a shorter slack distance. Therefore, the ball joint connector in
Test B-b engaged with the input nut earlier. As mentioned in Table 3, the slack distance
in Test B-b was 6.35 mm (0.25 inch) and in Test B-a1 and B-a2 was 12.7 mm (0.5 inch),
respectively. The time difference caused by the 6.35 mm difference in slack distances was
not significant since the ball joint connector already accelerated to a relatively high velocity
after traveling the 6.35 mm distance. It did not take much extra time to travel another
6.35 mm distance. That is the reason the deformation-time curves of Test B-a1, B-a2, and
B-b were close to each other with differences of less than 0.002 s.
The maximum deformations of specimens in these tests were found to have a linear rela-
tion with the input impulse as shown in Figure 95. This was just a preliminary observation
which needs to be verified by more tests. Nevertheless, this potential relation indicated




























Figure 95: Relation between maximum deformation and input impulse.
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4.5.4.2 Loading rate
The loading rate was unquestionably affected by the input impulse and energy. However,
it was also significantly affected by the slack distance. As discussed in Section 4.3.7, the
slack distance played a key role in achieving a constant loading rate. The testing results
also corroborated this effect of slack distance. For example, with the same impact mass, the
impact velocity in Test C was 40% higher than those in Test B-a1, B-a2, and B-b, indicating
that Test C had a much larger input impulse and input energy. Nevertheless, the loading
rate in Test C was around 30% lower than those in Test B-a1, B-a2, and B-b. The main
reason was that Test B-a1 and B-a2 had a 12.7 mm and B-b had a 6.35 mm intended slack,
respectively. However, Test C had no slack at all. As explained in Section 4.3.7, when the
specimen in Test C started to be deformed by the ball joint connector, the velocity of the
loading grip was still very low. In contrast, when the specimens in Test B-a1, B-a2, and
B-b started to deform, the velocity of the ball joint connector was considerably high since
it already accelerated through the slack distance and built up a larger momentum to strike


























Figure 96: Compare of force in the validation tests.
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Figure 96 shows the force results of all five tests. Although these tests had different
input impulse and energy, the maximum forces were close to each other and relatively
independent of the input impulse or energy. The deformation and derived strain in Figure
92 proved that the specimens in all these tests yielded. Therefore, the maximum force of
the specimen was limited by the yield strength of the material and, thus, independent of
the input impulse or energy.
4.5.4.4 Impulse
The impulses applied onto the specimen during the tests are plotted in Figure 97. Higher
impact velocity tended to apply more impulse onto the specimen as the comparison between
Test A and Test C indicated. Compared with Test C, Test A had 33.6% higher input impulse
and 11.5% higher input energy. Nevertheless, Test C still had 2.1% higher impulse on the

























Figure 97: Compare of impulse in the validation tests.
If the stiffness of the inverter mechanism was extremely high, and the friction and
damping inside the system were extremely low, the impulse on the specimen would be very
close to the input impulse of the impact as demonstrated by Newton’s cradle [59]. However,
because of inevitable friction and damping in this large-scale testing system, only part of the
input impulse actually transmitted onto the specimen. For example, the input impulse from
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the impact mass of Test B-b was 435.6 N·s while the impulse applied onto the specimen in
Test B-b was 283 N·s. The ratio between the impulse at specimen to the input impulse from
the impact mass for Test B-b was 65%, indicating that 35% of the input impulse was lost
because of friction and vibration. For all the validation tests, the ratios between the impulse
on the specimen to the input impulse varied from 48% to 65% as shown in Table 7. This
ratio was mainly determined by the properties of the inverter mechanism and, thus, was
independent of the magnitude of input impulse. Since the only difference between Test B-a
and Test B-b was the slack distance, the higher ratio of Test B-b showed that the change
of slack distance increased the amount of impulse that transmitted to the specimen.
Table 7: Ratio between the measured impulse and the input impulse in validation tests.
Total input impulse Measured impulse at specimen




Test A 699.1 334 47.8%
Test B-a 435.6 260 59.7%
Test B-b 435.6 283 65.0%
Test C 609.8 341 55.9%
4.5.4.5 Energy
Figure 98 shows the energy results of all the tests. Compared with the total input energy in
Table 6, only a small portion of the energy was transferred onto the specimen and turned
into the internal energy of the specimen when elongating the specimen beyond yielding.
For example, in Test A, the total input energy was 1,748 N·m, which equaled the kinetic
energy of the impact mass before striking onto the system, while the energy applied onto
the specimen was 121 N·m. The ratio between the energy on specimen to the total input
energy was 6.9%. For all of the validation tests, this ratio varied from 4.3% to 7.6% as
shown in Table 8.
Once the energy was transmitted from the input impact into the specimen, some part of


























Figure 98: Compare of energy in the validation tests.
the energy was eventually released during elastic unloading. The ratio between the plastic
energy to the total energy indicated the effectiveness of the system producing permanent
plastic deformation on the specimen. The experimental results and the theoretical estima-
tion of this ratio were already discussed in Section 4.5.3.4. As shown in Figure 93, this
ratio of Test B-b was around 0.57, two times the ratio of Test B-a, which was around 0.28.
Compared with Test B-a, Test B-b had the same impact mass and impact velocity. The
only difference between Test B-a and Test B-b was the slack distance, which significantly
affected the ratio of plastic energy to total energy. This again corroborated that the design
Table 8: Ratio between the measured energy and the input energy in validation tests.
Total input energy Measured energy at specimen




Test A 1748 120.75 6.9%
Test B-a 1089 71.78 6.6%
Test B-b 1089 83.05 7.6%
Test C 2134 91.39 4.3%
of the intended slack distance provided flexibility and versatility in test results.
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4.6 Finite element simulation of the tensile testing system
As introduced in Section 4.2.2, the trial-and-error process in the open-loop control was
optimized by replacing some trial tests with finite element simulations, which were both
time-effective and cost-effective. However, to ensure that the finite element simulation
produced reasonable results, the methods of simulation had to be verified and calibrated
based on experimental results.
In this research, a finite element model including the impact mass, the inverter mech-
anism, and the specimen assembly with an aluminum bolted flat tensile specimen was
constructed in Abaqus/Explicit to simulate the validation tests. The simulated results were
then compared to the experimental results presented in Section 4.5.2 and the methods of
the finite element simulation were adjusted accordingly to improve the finite element model
so that the simulated results matched closer to experimental results.
4.6.1 Methods of FE simulation
Figure 99 shows the finite element model of the tensile testing system in Abaqus/Explicit.
Because of symmetry, only half of the system was modeled. Symmetric boundary conditions
were enforced on all the surfaces within the center symmetric plane to ensure that the
behavior of the half model was similar to that of a whole model.
To reduce the complexity of the finite element simulation, only ten parts of the system
were modeled explicitly. As shown in Figure 99, following the sequence of force transmission,
these ten parts were the impact mass, the triangular frame, the pivot rod, the clevis pin
between triangular frame and tensile link, the tensile link, the clevis pin between tensile
link and ball joint connector, the ball joint connector, the loading grip at moving end with
load cell, the specimen, and the loading grip at the fixed end.
All the other parts of the system were simplified to boundary conditions or reaction
forces. For example, the sliding rail for the ball joint connector was modeled as displacement
constraint on the corresponding surfaces of the ball joint connector. The only gravity load
of the inverter mechanism was its self weight which was approximately 360 kg (800 lbs).
This gravity load was relatively small compared with the impact force and, therefore, was
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Figure 99: FE model of the high-loading-rate tensile testing system in Abaqus/Explicit.
neglected in the finite element simulation. The roller supports resisting the gravity load
were simplified as boundary conditions with a displacement constraint in the direction of
the gravity load.
The triangular frame of the inverter mechanism was actually composed of several parts,
including joints, built-up members, and splice plates. To maintain an acceptable computing
efficiency, this triangular frame was modeled as a single part justified by the excessive
strength provided by high-strength bolts and splice plate at the connections. Similarly,
each of the ball joint connector and loading grips was also modeled as a single part.
A predefined field of velocity was assigned to the impact mass at the beginning of
the simulation to provide the impact velocity. All the interactions between parts were
modeled as general contact in Abaqus/Explicit. To simulate the energy loss and dissipation
throughout the system, a penalty friction formulation with a friction coefficient of 1.35 was
assigned to all these interactions.
The model was analyzed with two different mesh sizes: a coarse mesh as shown in
Figure 100(a), which had less computing demands and was used in the calibration process,
and a fine mesh as shown in Figure 100(b), which had more computing demands and was
used to confirm the results from the coarse mesh . The coarse mesh and fine mesh had
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a global element size of around 15 mm and 7.5 mm, respectively. The density of mesh in
the irregular geometry regions such as the hole connection, the ball joint, and the bolt hole
on the specimen, was increased. The element type was chose as C3D8R with enhanced
hourglass control.
Figure 100: Mesh size of the FE model: (a) coarse mesh and (b) fine mesh.
4.6.2 Material constitutive models in the FE simulation
4.6.2.1 Aluminum 6061 alloy
Aluminum 6061 alloy material of both the testing system and the specimen was simulated
using a Johnson-Cook rate-dependent plastic model. The parameters for this material
model are listed in Table 9.










where ε̄pl is the equivalent plastic strain and θ̂ is a dimensionless temperature which equals
zero when current temperature is lower than θtransition, one when current temperature is
higher than θmelt, and linear interpolation from zero to one when current temperature is
between θtransition and θmelt.
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Table 9: Input parameters of aluminum material model in FE simulation.
Modeling parameter Input value Unit
Mass density 2.7 × 10−9 103 kg/mm3






Melting temperature, θmelt 925.37 K




Considering rate dependency, the yield stress in this material model is derived as
σ̄ = σ0
[








Neoprene pads attached to the surface of the impact mass an the impact plate on triangular
frame were simulated as a neo-Hookean hyperelastic material. The neoprene material used
in the testing system was estimated to have a shear modulus, G, of 600 kPa and a bulk
modulus, Eb, of 1,000 MPa.


















The parameters for this hyperelastic material model are listed in Table 10.
4.6.3 Results of finite element simulation
The deformations of the specimens were subtracted from the FE simulated results and were
compared with experimental results. The initial conditions, including impact mass, impact
velocity, and slack distance, in the FE simulation were kept the same as the corresponding
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Table 10: Input parameters of neoprene material model in FE simulation.
Modeling parameter Input value Unit
Mass density 1.5 × 10−9 103 kg/mm3
C10 0.3 MPa
D1 0.002 MPa−1
experimental tests. Figure 101 plotted the deformation time history from both experimental































































































Figure 101: Comparison of the simulated deformation and experimental deformation for
Test A, B-a, B-b, and C.
The FE simulation started a short time period before the impact mass struck onto the
triangular frame so the simulated results had different time zero as experimental results.
To compare these two results, the elapsed time of simulated results were shifted to match
the experimental results. The FE simulated results had a time interval of 0.00025 s and a
total duration of 0.03 s.
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As shown in Table 11 and Table 12, the simulated total deformations matched the ex-
perimental results within a tolerance of approximately 10% while the simulated deformation
rates matched the experimental results within a tolerance of approximately 18%. This in-
dicated that the FE simulation captured the basic behavior of the testing system and, thus,
can roughly predict the test results for trial tests. Different combinations of initial con-
ditions can be assessed using this FE simulation, and more proper initial conditions for a
certain testing target can be chosen. With the aid of this FE simulation, the trial-and-error
iterations in high-loading-rate testing can be optimized.
Table 11: Comparison of experimental and FE simulated results of deformation in validation
tests.
Test Experimental FE simulated Difference
No. (mm) (mm)
A 3.61 3.71 2.8%
B-a 2.70 2.64 -2.2%
B-b 2.78 2.50 -10.1%
C 3.09 2.88 -6.8%
Table 12: Comparison of experimental and FE simulated deformation results of deformation
rates in validation tests.
Test Experimental FE simulated Difference
No. (mm/s) (mm/s)
A 1,423 1168 -17.9%
B-a 1,013 1087 7.3%
B-b 1,081 918 -15.1%
C 640 622 -2.8%
4.7 Summary
In this research, a new type of high-loading-rate tensile testing system was designed and
constructed. Design challenges such as inverter mechanism, open-looped control, inertia
effect, and requirements of adaptability were handled with proper measures. The entire
process of design, fabrication, and installation of the testing system was documented in
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detail.
To verify and calibrate this new tensile testing system, a series of high-loading-rate
tensile tests on aluminum bolted flat tensile specimens were conducted. The deformation
and force of the specimens were directly obtained from measured data. The responses of
the specimens including energy and impulse were derived and analyzed. Test results were
verified by comparing the measurements from independent instruments and by comparing
the test results to theoretical estimations. Stress-strain relations of the aluminum speci-
mens under varied strain rates from 14.2 to 22.4 s−1 were successfully obtained from these
validation tests.
This research also conducted an investigation on the relation of initial conditions and
final results of the tests. This investigation can provide guidelines on how to adjust initial
conditions to meet a certain target, such as a certain peak energy or a certain deformation
rate. In addition, this research included a finite element simulation of the testing system.
Calibrated by the experimental results, this FE simulation can capture the behavior of the
testing system within acceptable tolerance and can be used as a prediction tool for tests
using this system.
In conclusion, this new high-loading-rate tensile testing system is capable of testing
tensile specimens under intermediate strain rates and obtain reasonable test results in a
controllable and repeatable manner. This system is adaptive and versatile to accommodate




HIGH-LOADING-RATE TENSILE TESTS OF SMA SPECIMENS
5.1 Introduction
To investigate the rate-dependency of SMA materials, this research conducted a series
of tensile tests on various SMA specimens using the new high-loading-rate tensile test-
ing system developed in Chapter 4. The types of SMA specimens included round tensile
specimen, bar with threaded-end, and ring. Loading grips for each type of specimen were
designed and fabricated to connect the specimen to the testing system. The test results,
including deformation, force, energy, and impulse were obtained from measured data, and
force-deformation or stress-strain relations were derived from experimental results. These
results were then compared with the counterpart from quasistatic tests to evaluate the rate
dependency of SMA materials.
5.2 Experimental design
The testing methods and data processing were similar to the validation tests described
in Chapter 4. This research conducted high-loading-rate tensile tests on three types of
specimens: round tensile specimens (Coupon), threaded-end bar specimen (Bar), and ring-
shaped specimens (Ring). The initial conditions for each test on SMA specimens are listed
in Table 13. The same SMA ring was repeatedly tested in Test Ring-1 and Ring-1.
Most of the SMA specimens were clamped by friction connections rather than attached
by bolted connections as in the validation tests discussed in Chapter 4. As a result, slack
distance in most of the tests was selected as zero since friction connections usually required
initial tensile forces for pre-loading. Non-zero slack distance can be achieved by adding
additional self-tensioning mechanism onto the loading grips. In current research, most of
the tests had a zero slack distance, and most of the specimens were pre-tensioned to provide
enough clamping force at the loading grips.
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Table 13: Initial conditions of high-loading-rate tensile tests on SMA specimens.
Test No. Impact mass (kg) Targeting impact velocity (m/s) Slack distance (mm)
Coupon-1 87.12 5.0 0
Coupon-2 87.12 5.0 0
Bar 87.12 7.0 0
Ring-1 87.12 5.0 0.5
Ring-2 87.12 7.0 0
5.2.1 Specimens
5.2.1.1 SMA round tensile specimens (Coupons)
Two SMA coupons were tested using the new high-loading-rate tensile testing system.
Figure 102 shows the dimension of these two specimens. Both specimens had the same
section diameter of 12.7 mm (0.5 inch). Coupon-1 had a gage length of 53.34 mm (2.1 inch),
which was slightly shorter than the 60.96 mm (2.4 inch) gage length of Coupon-2. Figure
103 shows the photo of these two specimens.
Figure 102: Design of SMA Coupon specimens: (a) Coupon-1 and (b) Coupon-2 (units:
inch).
5.2.1.2 SMA threaded-end bar specimen(Bar)
One SMA threaded-end bar with a gage length of 297.8 mm (11.725 inch) and a diameter
of 21.6 mm (0.85 inch) was also tested. Two custom-made threaded nuts matching the
threads at the ends of this bar were used to connect the bar to the specimen assembly. The
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Figure 103: Photo of SMA Coupon specimens.
dimensions of this specimen are shown in Figure 104 and a photo of this specimen is shown
in Figure 105.
Figure 104: Design of SMA Bar specimen (unit: inch).
Figure 105: Photo of SMA Bar specimen.
5.2.1.3 SMA Ring
The SMA ring was the same specimen in the quasistatic cyclic loading test described in
Chapter 3. The same ring as shown in Figure 14 was tested repeatedly in Test Ring-1 and
Ring-2 under two different impact velocities: 5 m/s and 7 m/s.
5.2.2 Loading grips
As introduced in Section 4.2.4, only the loading grips needed to be changed to accommodate
different types of specimens. For each type of specimen, a corresponding pair of loading
grips were designed and fabricated to connect the specimens to the specimen assembly.
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5.2.2.1 Loading grips for SMA Coupons
To apply tensile forces onto the round tensile specimens firmly and safely, wedge clamps
with V-shaped notches were utilized as shown in Figure 106. The end of the round tensile
specimens was inserted into the hollow space surrounded by the two V-shaped notches of
two wedge clamps. Then the wedge clamps were pre-loaded to push against each other,
clamping the specimen in the middle with friction. In this research, two pairs of wedge







Figure 106: Design of loading grips for SMA Coupon specimens: (a) top and side view and
(b) photo of assembly (units: inch).
As discussed in Section 4.2.3, the weight and stiffness of loading grips considerably
affected the test results. Loading grips using wedge clamps in conventional servo-hydraulic
testing machines usually had large self weight. Besides, these grips did not have the threaded
connection that fit the universal connections for the specimen assembly in this new tensile
testing system. Therefore, custom-made loading grips which can work with the existing
wedge clamps were designed and fabricated.
As shown in Figure 106(a), two hexagon 12.7 mm (0.5 inch) thick steel plates were
fabricated as the top and bottom plates. Two steel side blocks positioned in an angle
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matching the inclined angle of the existing wedge clamps were bolted between the top and
bottom plates as shown in Figure 106(b). To clearly demonstrate the clamping mechanism,
the top plates were not included in Figure 106(b). An additional steel end block was bolted
between the top and bottom plates, parallel to the end surface of the wedge clamps. The
top and bottom plates, the side blocks, and the end block formed a box which held the
wedge clamps in the middle. The end block had a 31.75 mm (1.25 inch) diameter through
threaded hole so that a threaded bar can be turned all the way in and can push the wedge
clamps firmly against the inner surfaces of the side blocks. The other end of this threaded
bar was then connected to the load cell at the moving end or the mounting plate at the
fixed end.
Figure 107 shows the entire specimen assembly with the SMA round tensile specimen
installed onto the testing system. The specimen was pre-loaded by turning the threaded
bars into the loading grips. As a result, the wedge clamps inside the loading grips were
pushed against the side blocks. The specimen was then firmly gripped in the middle of
these wedge clamps. A 25.4 mm (1 inch) diameter target was attached on the side of each
loading grip.
Figure 107: Photo of the specimen assembly with SMA Coupon specimen installed.
5.2.2.2 Loading grips for SMA Bar
Since the SMA Bar specimen had threads at both ends, it can be connected to the system
relatively easily with the aid of custom-made nuts. However, the 25.4 mm (1 inch) diameter
thread size was not the same as the 31.75 mm (1.25 inch) diameter thread size in the load
cell and the specimen assembly. Therefore, a special thread adapter was fabricated from
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a custom-made nut and a 31.75 mm (1.25 inch) diameter threaded bar. The moving end
of the SMA rod was connected to the load cell through this thread adapter, and the fixed
end of the SMA rod was secured to the back side of the external mounting plate by the
other custom-made nut. Seven 12.7 mm (0.5 inch) targets were attached to the surface of
the rod with a center-to-center spacing of 38.1 mm (1.5 inch). The gage length of this SMA
Bar specimen was selected as 228.6 mm (9 inch), which was the distance between the two
outermost targets.
Figure 108: Photo of the specimen assembly with SMA Bar specimen installed.
5.2.2.3 Loading grips for SMA Ring
Figure 109 shows the design of the loading grips for the SMA Ring specimen. An aluminum
cylinder with a diameter of 50.8 mm (2 inch) was placed inside the SMA ring with the
lateral surface firmly against the inner surface of the ring. The cylinder was connected to
an aluminum rectangular block by two 19.05 mm (0.75 inch) diameter high-strength steel
thread bars. The rectangular block had a 31.75 mm (1.25 inch) diameter hole in the center.
A 31.75 mm (1.25 inch) diameter threaded bar went through this hole and connected to the
load cell at the moving end or the mounting plate at the fixed end.
The SMA ring was fixed by the loading grips as shown in Figure 110. Targets with a
diameter of 25.4 mm (1 inch) were attached to the flat surface of each aluminum cylinder.
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(a) (b)
Figure 109: Design of loading grips for SMA Ring specimen: (a) top and side view and (b)
photo of the loading grip (units: inch).
Additional 12.7 mm (0.5 inch) diameter targets were attached to the surface of the ring to
monitor the deformation in the direction perpendicular to the impact direction.
Figure 110: Photo of the specimen assembly with SMA Ring specimen installed.
5.3 Experimental results
5.3.1 Experimental observations
The deformation, force, energy, and impulse of each test were obtained using the same
methods as described in Section 4.5.2.
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5.3.1.1 Test results of SMA Coupons
The deformation of the SMA Coupon specimen was captured by the high-speed camera
as shown in Figure 111. The video was then processed using the same motion tracking
software as introduced in Section 4.5.2.
Figure 111: Screen shots of SMA Coupon specimen from high-speed camera video: (a)
before test and (b) at peak deformation during test.
The test results, including force, deformation, energy, and impulse, of the specimen
Coupon-1 and Coupon-2 were plotted in Figure 112 and Figure 113, respectively.
In the test of SMA Coupon-1, the specimen started to deform at 0.1512 s and reached
its peak deformation of 3.61 mm at 0.1602 s. At that time, the energy also reached its peak
value of 59.84 kN·mm. The force reached its peak value of 30.24 kN at 0.1599 s. Then
the force dropped back to zero, and the impulse reached its peak value of 0.220 kN·s, both
at 0.1656 s. The deformation dropped back to zero at 0.1740 s. After that, the impulse
eventually declined to zero.
Similar responses were observed in the test of SMA Coupon-2. The specimen started to
deform at 0.1507 s and reached its peak deformation of 5.82 mm at 0.1641 s. At that time,
the energy also reached its peak value of 61.07 kN·mm. The force reached its peak value of


















































































































Figure 112: Experimental results of Test SMA Coupon-1: (a) deformation, (b) force, (c)
















































































































Figure 113: Experimental results of Test SMA Coupon-2: (a) deformation, (b) force, (c)
energy, and (d) impulse of the specimen.
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its peak value of 0.190 kN·s, both at 0.1695 s. The deformation dropped back to zero at
0.1793 s. After that, the impulse eventually declined to zero.
The deformation rates of these two tests were 534 mm/s and 502 mm/s, respectively.
These deformation rates corresponded to average nominal strain rates of 10.0 s−1 and
8.2 s−1, respectively. The strain rates achieved in these two test fell into the range of inter-
mediate strain rates as expected. The peak deformation of SMA Coupon-1 was 3.61 mm,
corresponding to a peak average strain of 0.068, while the peak deformation of SMA
Coupon-2 was 5.82 mm, corresponding to a peak average strain of 0.095. The supere-
lasticity of the SMA material was exhibited by the decreasing tendency of the deformation
when the force dropped back to a constant level after unloading. The input energy of these
two tests were similar while the deformation of Coupon-2 was larger than that of Coupon-1,
indicating that the stiffness of Coupon-2 was lower. This lower stiffness of Coupon-2 was
also corroborated by its lower peak force of 25.24 kN compared with the higher peak force
of 30.24 kN of Coupon-1.
Since these two tests had identical initial conditions including impact mass, impact
velocity, and zero slack distance, the total input energy and impulse were also identical.
These two specimens were in the same shape with similar sizes, indicating their responses
tended to be similar. As a result, the energy and impulse applied to the specimens were
expected to be similar. This similarity was corroborated by the experimental results. The
peak energy in these two tests were 76.14 J and 69.05 J, respectively, and the peak impulse
were 0.220 kN·s and 0.190 kN·s, respectively.
Because of the design of the wedge clamps, when the specimen assembly bounced back
after the peak deformation, the wedge clamps may detach from the surface of the side blocks,
and the specimen may disengage from the wedge clamps. As a result, during part of the
unloading process, the displacement of the targets no longer represented the deformation
of the specimen since sliding had already occurred between the specimen and the wedge
clamps. This also explained the increasing of energy after the peak deformation.
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5.3.1.2 Test results of SMA Bar
Figure 114 shows the test results of SMA threaded-end bar specimen. In this test, the
specimen started to deform at 0.1293 s and reached its peak deformation of 0.83 mm at
0.1344 s. At that time, the energy also reached its peak value of 23.85 kN·mm. The force
reached its peak value of 48.53 kN at 0.1346 s. After that, the force dropped back to zero,
and the impulse reached its peak value of 0.284 kN·s, both at 0.1401 s. The deformation





































































































Figure 114: Experimental results of Test SMA Bar: (a) deformation, (b) force, (c) energy,
and (d) impulse of the specimen.
Because of the larger cross section area and, thus, larger stiffness, the deformation rate
of this test was 135 mm/s, which was significantly lower than other tests. The average
nominal strain rate was 0.6 /s−1. The 48.53 kN peak force was higher than SMA Coupons
while the 0.83 mm peak deformation was lower than SMA Coupons, which again confirmed
the high stiffness of this threaded-end bar.
The time duration of loading and unloading of SMA Bar was around 0.009 s, which was
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significantly shorter than the 0.022 s duration time in SMA Coupon-1. Although the load-
ing time was shorter, the impulse of SMA Bar was still 29% higher than that of Coupon-1
because of its higher stiffness and higher force. Nevertheless, because the small peak de-
formation of 0.83 mm only corresponded to an average strain of 0.0036, the SMA material
in SMA Bar did not reach the AMs point. As a result, the phase transformation of SMA
materials did not start, and the SMA Bar was still in elastic range. This explained why
the SMA Bar had such a low amount of dissipated energy, which was only 31.3% of that of
Coupon-1.
5.3.1.3 SMA ring
Figure 115 shows the frames of the SMA ring before and during the test. The diameters of
the targets attached to the aluminum cylinders inside the ring were 25.4 mm (1 inch). The
12.7 mm diameter targets on the ring remained in a same vertical line, indicating that the
ring was stretched without obvious rotation or other undesired movement.
Figure 115: Frames of SMA ring specimen from high-speed camera video: (a) before test
and (b) at peak deformation during test.
















































































































Figure 116: Experimental results of Test SMA Ring-1: (a) deformation, (b) force, (c) energy,

















































































































Figure 117: Experimental results of Test SMA Ring-2: (a) deformation, (b) force, (c) energy,
and (d) impulse of the specimen.
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In the test of SMA Ring-1, the specimen started to deform at 0.1601 s and reached
its peak deformation of 2.12 mm at 0.1636 s. The energy also reached its peak value of
67.72 kN·mm at that time. Then the force reached its peak value of 53.15 kN at 0.1641 s.
After that, the force dropped back to zero, and the impulse reached its peak value of
0.241 kN·s, both at 0.1684 s. The deformation dropped back to zero at 0.1670 s.
Similarly, in the test of SMA Ring-2, the specimen started to deform at 0.1293 s. At
the time 0.1344 s, the specimen reached its peak deformation of 2.83 mm and peak energy
of 73.14 kN·mm. The force reached its peak value of 49.52 kN at 0.1346 s. After that, the
force dropped back to zero, and the impulse reached its peak value of 0.296 kN·s, both at
0.1401 s.
Although Ring-1 had a lower impact velocity than Ring-2, the deformation rate of
613 mm/s in Ring-1 was still higher than 578 mm/s in Ring-2 because of the 12.7 mm
(0.5 inch) slack distance in Ring-1. The 53.15 kN peak force in Ring-1 was also higher than
49.52 kN in Ring-2. These results again corroborated the effectiveness of the intended slack
in the experimental design. Nevertheless, because Ring-2 had higher impact velocity and,
thus, higher input impulse and energy, the impulse and energy at the specimen of Ring-2
were 22.8% and 8.6% higher than those of Ring-1, respectively.
5.3.2 Discussion of results
The test results of all SMA specimens are summarized in Table 14.
5.3.2.1 Ratio of impulse at specimen to total input impulse
The total input impulse and the impulse measured at the specimens for each test are listed
in Table 15. These ratios varied from 43.6% to 55.3%, indicating that approximately half
of the input impulse was transmitted into the specimen while the other half was dissipated
through friction and vibration. The ratio in these tests on SMA specimens was similar to
that in validation tests on aluminum specimens because this ratio was mainly determined
by the properties of the inverter mechanism.
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Table 14: Summary of the experimental results of high-loading-rate tensile tests on SMA
specimens.
Test result Symbol Unit Coupon-1 Coupon-2 Bar Ring-1 Ring-2
Diameter d mm 12.7 12.7 0.83 - -
Gage length L mm 53.34 60.96 297.8 - -
Peak deformation utotal mm 3.61 5.82 0.83 2.12 2.83
Deformation rate u̇ mm/s 534 502 135 613 578
Strain rate ε̇ s−1 10.0 8.2 0.6 - -
Peak force Pmax kN 30.24 25.24 48.53 53.15 49.52
Peak impulse Imax kN·s 0.220 0.190 0.284 0.241 0.296
Peak energy Etotal kN·mm 59.84 61.07 23.85 67.72 73.56
5.3.2.2 Ratio of energy at specimen to total input energy
The total input energy and the energy measured at the specimens of each test are listed
in Table 16. This ratio varied from 1.1% to 6.2% and decreased as the input energy in-
creased. This was partly because the energy at the specimen was considerably affected by
the properties of specimens. As a result, excessive input energy did not necessarily increase
the energy applied onto the specimen.
5.3.2.3 Stress-strain results of SMA Coupons and Bar
From the deformation and force results of the tests on SMA Coupon specimens and Bar
specimen, assuming that the stress and strain were uniformly distributed across the section
of the specimens, the average nominal stress and strain were obtained. Figure 118 shows
the stress and strain curves of specimens SMA Coupon-1 and SMA Bar. The stress-strain
of Coupon-1 clearly exhibited the flag-shaped curve as discussed in Section 2.1.4. The stress
plateau and the second increase after the plateau indicated the ongoing phase transformation
and the completion of that transformation. Because the specimen disengaged with the
loading grips caused by the limitation of the clamping mechanism, the stress-strain relation
of the unloading part was not accurately captured in the test.
Although the peak force of SMA Bar was 60% larger than that of Coupon-2, the peak
stress in SMA Bar was still lower because its cross section area was 189% larger than that
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Table 15: Ratio between the measured impulse and the input impulse in high-loading-rate
tensile tests on SMA specimens.
Total input impulse Measured impulse at specimen




Coupon-1 435.6 220 50.5%
Coupon-2 435.6 190 43.6%
Bar 609.8 284 46.6%
Ring-1 435.6 241 55.3%
Ring-2 609.8 296 48.5%
Table 16: Ratio between the measured energy and the input energy in high-loading-rate
tensile tests on SMA specimens.
Total input energy Measured energy at specimen




Coupon-1 1089 59.84 5.5%
Coupon-2 1089 61.07 5.6%
Bar 2134 23.85 1.1%
Ring-1 1089 67.72 6.2%

















Figure 118: Stress-strain results of SMA Coupon-1 specimen and SMA Bar specimen.
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of Coupon-2. SMA material in Bar specimen did not reach the stress plateau yet and did
not start the phase transformation. Thus the stress-strain curve of SMA Bar was nearly a
linear relation, which also explained the low amount of energy measured at the SMA Bar
specimen.
5.3.2.4 Comparison of force-deformation of SMA ring in quasistatic test and high-
loading-rate test
Force-deformation relations of SMA Ring-1 and Ring-2 are plotted in Figure 119, which also
includes the force-deformation from quasistatic cyclic loading test discussed in Chapter 3.
For this non-prismatic ring-shaped specimen, average strain rates were not applicable. The
deformation rates in the diametric direction were adopted to represent the loading rates.
As mentioned in Section 3.2.3, the velocity of the actuator in the quasistatic test was set
as 12.7 mm/min, which corresponded to a 0.09 mm/s deformation rate on the diametric
direction of the SMA ring. The loading stiffness in quasistatic test was 7.59 kN/mm while























Figure 119: Comparison of force-deformation of SMA ring under different loading rates.
This comparison showed that the stiffness of the SMA ring increased as the loading
rate increased, which was in accordance with the conclusions of various previous research
[20, 96, 119]. Because this ring specimen was not prismatic, the strain at different regions
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of the ring changed dramatically as shown in Figure 26. As loading rate and input energy
increased, the regions completed the phase transformation in the SMA ring also increased.
As a result, the strain distribution also changed because SMA materials exhibited different
stress-strain behaviors during and after phase transformation. The differences in the loading
stiffnesses of SMA rings were partly caused by this stress and strain re-distribution inside
the ring rather than totally caused by the rate dependency of SMA material itself.
5.4 Summary
In this research, various SMA specimens were tested under constant deformation rates,
which corresponded to constant intermediate strain rates. SMA round tensile specimens
with diameters of 12.7 mm (0.5 inch) were elongated under strain rates of approximately
10 s−1. An SMA ring specimen was tested by the high-loading-rate tensile testing system
with a loading rate 6,500 times higher than that of the quasistatic test in Chpter 3. The
comparison between the results of this ring under different loading rates clearly exhibited the
rate dependency of SMAs. Stress-strain relations of the SMA material from tests of round
tensile specimens and threaded-end bar were also derived. These test results showed the
rate dependency of SMA materials under tensile loading and corroborated the conclusions
of previous research. These tests also proved that this new high-loading-rate tensile testing
system was effective in assessing rate-dependent materials. Part of the test results, such
as the deformation measurement in unloading part of SMA round tensile specimens, were
compromised by the limitation of the current experimental design.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDED FUTURE RESEARCH
6.1 Conclusions
6.1.1 Development of a high-loading-rate testing system
One of the main outcomes of this research is the development of a high-loading-rate tensile
testing system, which is capable of elongating tensile specimens under constant loading rates
corresponding to intermediate strain rates between 1 to 100 s−1. This testing system is
designed to be adaptive and versatile to accommodate a variety of specimens with different
shapes, sizes, and materials. The following conclusions and significant observations are
made from the experimental testing:
• This new high-loading-rate tensile testing system applied tensile forces onto specimens
with the loading grip at the moving end traveling at a constant velocity. This constant
velocity of loading grip corresponded to a constant deformation rate of the specimens.
• The constant deformation rates of specimens were converted into constant average
strain rates varied between 0.6 to 22.4 s−1, which fall into the category of interme-
diate strain rates as expected. This bridged the gap between quasistatic strain rates
obtained from conventional servo-hydraulic testing machines and high strain rates
obtained from typical Kolsky bar tests.
• The stress-strain curves of aluminum specimens in validation tests showed rate de-
pendency as expected. Elastic modulus and yield strength increased as loading rate
increased, which was corroborated by previous studies. These tests verified that the
results of this new system were valid and reasonable.
• The tensile testing system can conduct tests with the same initial conditions repeat-
edly, indicating that it can test a batch of identical material specimens and characterize
material properties with comparable results and statistical analysis.
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• The deformation and force responses were directly measured without the need of
assuming a uniformly distributed stress and strain inside the specimen as in Kolsky
bar tests, indicating that this system can test specimens with non-prismatic sections
and multiple materials. The force-deformation behavior of potential proof-of-concept
structural components and devices can be assessed by this tensile testing system.
• The responses of the testing system can be estimated by a finite element simulation.
The FE simulated results of the deformation of aluminum specimens in validation tests
matched the experimental results within acceptable tolerances. This FE simulation is
helpful in choosing the input parameters and decreasing the number of iterations in
the entire testing process.
6.1.2 Investigation of the rate dependency and other properties of SMA ma-
terials
The other important outcome of this research is the investigation of material properties,
especially rate dependency, of SMAs and potential applications of SMA-based devices in
the field of structural engineering such as seismic mitigation and blast protection. The
following conclusions and significant observations are made from the experimental testing:
• As shown in the cyclic loading tests discussed in Chapter 3, SMA-based seismic bracing
system exhibited acceptable residual story drift even subject to a maximum of 3.5%
story drift. SMA specimen also showed little residual deformation in high-loading-
rate tensile tests discussed in Chapter 5. This corroborated that SMAs introduced
significant re-centering ability to structures under both seismic and blast events.
• SMAs can also dissipated considerable amount of input energy, as shown in both
cyclic loading test discussed in Chapter 3 and high-loading-rate tensile tests discussed
in Chapter 5.
• The stress-strain relations of SMAs were dependent on loading rates. For example, the
stiffnesses of the same SMA ring under deformation rates of 613 mm/s and 0.09 mm/s
were 31.13 kN/mm and 7.59 kN/mm, respectively. The stiffness in the high-loading-
rate test was 4.4 times of that in cyclic loading test under the quasistatic strain rate.
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6.2 Recommended future research
6.2.1 Future improvement and application of the high-loading-rate tensile test-
ing system
Several aspects of the tensile testing system can be improved so that it can have more
potential applications. Such improvements are listed as follows:
• The aluminum welded joints of the inverter mechanism can be replaced with welded
steel or cast steel joints to increase the strength and stiffness. Therefore, higher impact
energy can be applied to the input end of the inverter mechanism safely, and higher
loading rates and peak deformations can be achieved at the output end connecting to
the specimen assembly.
• The neoprene pads working as a pulse shaper in this research can be replaced with
other materials so that the duration of the loading can be further tailored. The pulse
shaper can also be multiple layers of different materials, such as copper, steel, and
neoprene or other rubber, stacked together to provide desired peak force and duration
time. Higher loading rates can be obtained with stiffer pulse shapers while constant
unloading rates may be achieved with specially designed multi-layer pulse shapers.
• Pulse shapers can also be placed inside the intended slack distance so that the impact
between the ball joint connector and the input nut of the load cell can be adjusted
to a more desirable manner. For example, specially designed washers or tubes placed
around the threaded bar at the impact location can provide more versatility on the
final impulse onto the specimens.
• Digital Image Correlation (DIC) techniques can be incorporated into the testing sys-
tem. Currently, only displacements of the attached targets are re-constructed by
motion tracking software from high-speed videos. Because of limited resolution of
high-speed cameras, large targets with a size of 12.7 to 25.4 mm (0.5 to 1 inch) were
required in the tests. As a result, the total number of targets that can be attached
onto the specimen assembly was limited. Only deformations in the longitudinal direc-
tion of specimens were acquired in most of the tests. With the aid of DIC techniques,
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the deformations of different parts of the specimen can be captured. More comprehen-
sive understanding of the overall responses of the specimens, especially non-prismatic
specimens, can be obtained.
• Temperature-controlled environment can be added to the specimen assembly. With a
specially designed retracting mechanism, a temperature-control capsule can be placed
surrounded the specimen and can retract just a very short time period before the
actual impact. Thus, the specimen can be maintained at a desired temperature at
the time of loading and unloading. At the same time, its deformation can still be
capture by high-speed cameras. Therefore, force-deformation results under differ-
ent temperatures can be acquired using this tensile testing system improved with
temperature-controlling ability.
• This new tensile testing system can be utilized in various future research projects
such as pull-out strength of reinforcing steel in concrete, strength of steel welded and
bolted connections, and bond strength between FRP components.
6.2.2 Future studies on SMA materials
This research accessed the potential applications of SMA materials in the field of seismic
mitigation and blast protection by quasistatic cyclic testing and high-loading-rate tensile
testing. Some potential studies on SMA materials and potential SMA-based applications
are listed as follows:
• The seismic bracing system can be further improved by adopting bracing members
that are stiffer than the current steel cable assemblies. With specially designed con-
nections, tension-only behavior and no restraint on rotation can still be achieved.
Hybrid designs with buckling-restrained brace (BRB) may be another option for fur-
ther improvement.
• The size effect between the SMA rings and the performance of the seismic bracing
system was studied with finite element simulations in this research. This can be
validated by actual tests of SMA rings with various sizes. SMA-based components
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other than ring shapes can also be investigated to maximize the benefit from SMA
materials and optimize the seismic performance of the design.
• The loading grips for SMA specimens can be further improved to get more compre-
hensive results. With modified loading grips which can pre-load the wedge clamps by
itself using springs or other self-tensioning mechanism, intended slack distance can
be introduced into the specimen assembly. Therefore, higher loading rates on SMA
specimens can be achieved. The behavior of unloading parts of SMA specimens can
be captured more effectively with modified pulse shapers and momentum capturing
mechanism.
• The high-loading-rate tests can be conducted under different temperatures with the
aid of upgraded testing system equipped with temperature-control capsule. The inter-
action between strain rate dependency and temperature dependency can be explored.
• To assess the potential applications of SMAs in blast protection, besides tests on SMA
tensile specimens in this research, tests on proof-of-concept SMA-based devices are
also needed. For example, steel frames with SMA-strengthened joints can be designed
and tested to assess the performance of SMAs under blast loading and the potential
applications of SMAs in blast protection.
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